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Abstract
Next generation optical networks will be required to provide increased data throughput on
a greater number of optical channels and will also have to facilitate network flexibility in
order to adapt to dynamic traffic patterns. Furthermore, the potentially wide deployment
of optical Access and Metropolitan networks in particular require that these challenges are
met in a cost effect manner.
This thesis examines the use of Orthogonal Frequency Division Multiplexing (OFDM) as
a means of helping to meet these requirements for next generation optical systems with a
high market volume. OFDM is a multi–carrier modulation technique which exhibits high
spectral efficiency and a tolerance to chromatic dispersion making it an excellent candidate
for use in next generation optical networks.
The work presented in this thesis shows how the use of OFDM in conjunction with novel
laser devices and direct detection can be used to construct cost effective, low footprint op-
tical systems. These systems are capable of providing >10Gb/s per optical channel and are
suitable for implementation as optical access networks. Furthermore, OFDM is shown to
be a realistic candidate for use in an optical switching environment where external modu-
lation is employed and, as such, can be considered for use in next generation metropolitan
networks.
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Introduction
The ever increasing demand for higher internet speeds, driven by media-rich applications
such as on–demand HDTV, Voice over IP (VoIP), video conferencing and online gaming,
will require Internet Service Providers (ISPs) to upgrade their existing networks to sat-
isfy the needs of both residential and commercial customers as current Ethernet speeds
of 10Gb/s will be upgraded to 100Gb/s. Current Core and Metropolitan Area Networks
are employing optical multiplexing to help to meet increasing data rate requirements. The
development of Wavelength Division Multiplexing (WDM) systems now allows multiple
wavelengths to be propagated through fibres which in the past carried a single wavelength
only. However, such a simplistic augmentation of network speeds does not account for the
ever–changing bandwidth demand patterns and as such network flexibility and reconfigur-
ability will need to be incorporated into future optical communications systems.
Although the capacity of Core and Metro networks have increased greatly through the use
of WDM, a corresponding improvement in Access Networks (which provide the final con-
nection to the end–user) has not occurred. This is due to the fact that these networks are
primarily comprised of electrical cables (telephone or co–axial) and are therefore are limited
in terms of data throughput and transmission distance. The natural solution to overcome this
‘last–mile bottleneck’ is to take advantage of the large bandwidths offered by optical fibres
and to move the fibre network closer to the customer so as to eventually create an all optical
communications network. This type of all optical access network has been termed Fibre–
To–The–Home and is seen as a long term solution to meet growing bandwidth demands.
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Unlike Core and Metro networks whose distance–bandwidth products are sufficiently large
to justify high implementation costs, Access networks must be constructed in an extremely
cost effective manner due to their potential for wide deployment in a price sensitive market.
This presents significant financial and technical challenges in order to provide adequate data
rates to each user.
Of utmost importance when designing next generation Access networks will be the se-
lection of a highly efficient modulation format to provide maximum throughput on each
optical channel. This has led to the emergence of Orthogonal Frequency Division Multi-
plexing (OFDM) as a candidate for use in future optical networks. OFDM is a modulation
technique which is widely used in both wired and wireless radio communications and in-
deed has been specified for in radio communications standards such as WiMAX, LTE and
ADSL. OFDM’s high spectral efficiency is the main reason behind its use in current radio
standards. However, what makes OFDM particularly attractive for use in optical commu-
nications is its inherent tolerance to chromatic dispersion. OFDM also offers the possibility
of implementing dynamic bandwidth allocation (to subcarrier granularity) electronically,
thereby reducing cost.
Main Contributions
The main contributions of this work are:
o Performance improvement of OFDM Passive Optical Networks using direct modula-
tion of a laser by the reduction of nonlinearity – OFDM’s relatively poor performance
in nonlinear regimes is a hindrance to its use in optical channels which in general con-
tain some level of nonlinearity. By using optical injection, the levels of nonlinearity
introduced at the optical transmitter can be reduced allowing for improved perform-
ance of direct modulation OFDM Passive Optical Networks. This technique is shown
to improve performance/increase throughput using both an external laser and a mono-
lithically integrated device.
o Direct modulation of a tuneable laser with Adaptive Modulation AM-OFDM – A cost
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effective novel tuneable laser is directly modulated with highly spectrally efficient
Adaptive Modulation (AM) OFDM in order to construct a high data rate transmitter
suitable for implementation with optical access networks such as PONs.
o Demonstration of optical burst mode OFDM – The performance of Single Sideband
OFDM in a switching environment using an external modulator and a single switch-
ing laser at the transmitter is examined. The Wavelength Division Multiplexing grid
size used is found to be a major factor influencing performance. Single Sideband
modulation is used in order to overcome the effects of dispersive fading which can
lead to a large degradation in the performance of OFDM signals.
Thesis Structure
This thesis is structured as follows:
Chapter 1 describes the evolution of optical communications networks as well as the mo-
tivation behind their continued growth in capacity today. The optical network topology is
introduced with descriptions of each network layer given. Particular attention is given to the
discussion of optical access networks with both current and future variants of these types
of networks being presented. Key optical components which are used to construct optical
communication systems are discussed along with advanced modulation formats which are
used for the efficient transmission of data.
Chapter 2 provides a detailed discussion of the theory behind Orthogonal Frequency Divi-
sion Multiplexing. The involvement of the Inverse Fast Fourier Transform in the generation
of OFDM is examined and the subsequent mathematical relationships between sample rate,
subcarrier spacing and signal bandwidth are explained. Crucial enabling techniques used
with OFDM, such as the Cyclic Prefix, the facilitation of a simple channel estimation and
the Levin–Campello algorithm are discussed. Important parameters used to measure the
quality of OFDM signals, and their relationship to one another, are described mathem-
atically. Lastly, the various types of OFDM implementations within optical systems are
presented and discussed.
3
Chapter 3 focuses on the reduction of nonlinearity in direct modulation OFDM systems.
The origin of nonlinearity in laser diodes and a means by which its level can be estimated
are introduced. How optical injection can be employed to reduce this level of nonlinearity
is also discussed. Both simulation and experimental demonstrations of the use of optical
injections in an OFDM PON are presented with results given for non-injected and injected
cases. This injection technique is demonstrated using an external laser diode as well as a
novel monolithically integrated device.
Chapter 4 describes experimental work involving the direct modulation of a tuneable laser
with Adaptive Modulation OFDM. The motivations behind, and the advantages of, using
tuneable lasers in passive optical networks along with the types of network scenarios with
which they can be employed are explored. The novel device, a discrete mode tuneable laser,
is subject to detailed characterisation which is described in this chapter. The experimental
setup of a PON structure incorporating this device and its direct modulation by high data
rate AM–OFDM signals is explained and the performance on various optical channels in
terms of achievable data rate is presented and discussed.
Chapter 5 examines the use of OFDM in a switching environment. Burst mode operation is
discussed in terms of its suitability for use in next generation metropolitan area networks.
The generation of optical Single Sideband is also outlined. The experimental demonstra-
tion of burst mode OFDM using a fast switching SG–DBR is described and performance is
evaluated on a subcarrier basis at various times after a switching event. Static transmission
of double sideband and single sideband OFDM signals over 180km of fibre is performed
demonstrating the capability of single sideband modulation to overcome the effects of dis-
persive fading.
Chapter 6 gives a brief summary of conclusions that can be drawn from the results presented
in this thesis. The potential for future work in the areas discussed throughout the thesis is
outlined also.
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Chapter 1
Optical Networks
This chapter presents an overview of past and present optical communications networks.
The ever–increasing demand for greater network speeds is outlined and the challenges
which this poses to next generation optical networks are discussed. Key technologies in
the design of these networks such as direct and external modulation, and higher level mod-
ulation formats, are also discussed.
1.1 Introduction
The advent of optical amplifiers to commercial optical communication systems in 1989, res-
ulting in extended transmission distance and increased data rates, led to an explosive growth
in the capacity of our communications systems [1]. The internet, which was commercially
deployed at around the same time, has evolved from a primarily text based platform to a
position where it now provides a plethora of multimedia services and is in fact the main
driver behind advances in today’s optical communications systems [2].
Figure 1.1 shows estimated and projected growth in Internet Protocol (IP) traffic in North
America since 1990 [3–6]1. From 1990 to 1994 internet traffic doubled year on year. The
1Minnesota Internet Traffic Study (MINTS) provide high and low estimates for IP traffic growth. The line
shown in figure 1.1 is the median of these values.
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large–scale deployment of Wavelength Division Multiplexing (WDM) systems, allowing
for increased data rates by using multiple optical channels, facilitated a rapid growth in
traffic [1] with growth rates in North America from 1994 to 1996 increasing more than
90 fold to around 1.5 PB/month. Figure 1.1 also shows that since 1996 traffic growth has
slowed with the rate increasing by a factor of about 100% for the years 1997 to 2002 and
50–60% from then up to the present. This period of growth comes as advances in WDM
technology and the use of higher order modulation formats are commercially exploited.
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Figure 1.1: Estimated and projected growth in total IP traffic in North America
Today an increasing amount of internet traffic is generated by mobile devices such as smart
phones, tablet computers and portable gaming devices. It is reported in [3] that by the end
of 2014 traffic generated from wireless enabled devices will exceed that generated by wired
devices, and will account for 61% of global traffic by 2016. This fact highlights both the
increasing ubiquitousness of the internet today and the growing demand from customers for
on–demand multimedia services.
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The new ways in which consumers experience the internet coupled with the widespread ad-
option of wireless enabled mobile devices means that global IP traffic is expected to surpass
1 Zettabyte in 2015 [3]. This ever–increasing trend poses significant technological chal-
lenges to the telecommunications industry and the development of current optical commu-
nications systems will be of utmost importance in helping to meet these challenges.
1.2 Wavelength Division Multiplexing
Wavelength Division Multiplexing (WDM) is an optical multiplexing technique used cur-
rently in core and Metropolitan (metro) optical networks to help to increase system capa-
city. WDM provides an efficient means of utilising the large optical bandwidth available
from a single optical fibre by transmitting multiple wavelengths with a given frequency
separation. Similar to Frequency Division Multiplexing (FDM) in radio communications,
WDM divides the optical spectrum into many channels with each optical carrier modulated
independently either directly or externally. The received optical signal is passively demulti-
plexed into individual channels and distributed to the intended destination. A generic WDM
system is depicted in figure 1.2.
The frequency gap between two adjacent WDM optical carriers is known as the channel
spacing. Today’s core and metro WDM systems typically use a channel spacing of 100GHz
or 50GHz which is specified for by the International Telecommunication Union (ITU) and
is referred to as Dense WDM (DWDM). In this case hundreds of optical carriers can be
transmitted with typical data rates of 10Gb/s and 40Gb/s on each carrier using either Non
Return–to–Zero (NRZ) or Differential Phase Shift Keyed (DPSK) modulation [1]. DWDM
metro network designs which are employed today transmit 40Gb/s using DPSK on each
optical carrier across a 50GHz grid [7]. Ultra Dense WDM (UDWDM) is used to refer to
grid spacings as low as 25GHz and 12.5GHz and recommendations for their standardisation
have already been published in ITU G.694.1 [8]. This is in anticipation of increased spectral
efficiencies (Bit Rate/Channel Spacing measured in b/s/Hz [1]) offered by advanced mod-
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ulation formats and the adaptation of WDM technology to access networks where a higher
number of channels is desirable given the relatively large number of users [9, 10].
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Figure 1.2: WDM downlink/uplink using an AWG as a (de)mux.
There are three main limitations to how many optical channels can be used:
o Erbium Doped Fibre Amplifiers (EDFAs) are the most commonly used amplifiers in
optical communications systems. EDFAs are a critical part of all current WDM sys-
tems as they make long–haul transmission of many channels viable by ensuring suffi-
cient received power for each channel. In this way EDFAs have facilitated rather than
limited WDM networks, but clearly all WDM channels must be within the frequency
range of operation of the amplifier which can span the C–band (1525nm–1565nm) or
the L–band (1570nm–1610nm).
o The rate and spectral efficiency of the data carried by each WDM channel is also of
critical importance when defining the number of available operational wavelengths.
In many current metro networks 40Gb/s per channel is required with OOK modula-
tion applied to each channel. Therefore a grid of 100GHz spacing must be used in
order to avoid crosstalk and/or overlapping with neighbouring channels. As more ad-
vanced modulation formats with higher spectral efficiencies are introduced, lower
grid spacing can be realised. The prospect of using advanced modulation in fu-
ture WDM access networks, where the data rate required per channel is significantly
8
lower than that required for backbone networks, means that grid spacings as low as
12.5GHz can be realised [8]. This increase in the number of operational wavelengths
would broaden the scope for optical networking and allow a greater number of users
to be reached.
o The optical components used to multiplex and demultiplex WDM optical signals
define the minimum grid size that can be employed in the system. A common com-
ponent used for this purpose is the Arrayed Waveguide Grating (AWG) which uses
precise phase shifts and free space propagation to direct each WDM channel to an in-
dividual fibre. The reverse effect can be used for multiplexing. The precise physical
requirements of an AWG means that they are tailor made to operate on a given WDM
grid. Those in use today typically operate with a spacing of 100GHz and 50GHz
and so contribute to an inertia which impedes movements to smaller grid sizes. More
recently reconfigurable (de)multiplxing components such as Wavelength Selective
Switches have been proposed for use in WDM networks [11].
1.3 Network Topology
Figure 1.3 shows the optical network topology consisting of core, metro and access net-
works. Although the backbone of the topology (core and metro networks) have been in
use for a relatively long time, due to increasing bandwidth demands next generation optical
networks will need to evolve to become more reconfigurable so as to adapt to changing pat-
terns of network traffic and also to be capable of providing an array of services such as On–
Demand TV, IP–TV, video conferencing and online gaming [12]. Access networks which
are comprised entirely of electrical cables in some cases, must undergo drastic change in
order to meet these future requirements. The three layers of this topology are discussed
below.
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Figure 1.3: Network topology includes core, metro and access networks.
1.3.1 Core Networks
The core network is the backbone of the optical system. It consists of many nodes each
interconnected by an amplified fibre link. The core network transports large amounts of ag-
gregated data from one node to another over thousands of kilometres. These nodes (usually
located in cities) pass data from the metro network to the core network or vice versa using
either optical or electrical switching. Core networks employ WDM and must be capable of
an overall an overall capacity of greater than 1Tb/s.
Early core networks consisted of up to 16 wavelengths, each carrying 2.5Gb/s using fixed
transmitters/receivers (i.e. transmission and reception of one fixed wavelength only). Ad-
vances in optical amplification allowed for the total number of wavelengths used to be in-
creased, with a line rate of 10Gb/s on each channel [13]. All of these legacy core networks
were limited by their switching ability due to their use of Optical–Electrical–Optical (OEO)
conversion. With this technique all traffic routed through a node, regardless of whether it is
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destined for that node, is converted to an electrical signal, switched by an electrical switch-
ing module and regenerated in the optical domain. This approach limits the bandwidth to
that of the electronics used and is costly due to the often unnecessary regeneration and amp-
lification that is applied. As advances in the access network mean that fibre penetration is
coming closer to the end user, with downstream speeds of 100Mb/s per user envisaged, the
strain on the core network is expected to increase significantly in terms of both capacity and
flexibility [14].
More recent core networks employ all–optical networking where switching at each node is
carried out in the optical domain. These optical switching modules are known as optical
bypass switches as traffic destined for another node can transition through the node without
undergoing O–E–O. ‘Bypassing’ in this way has resulted in 90% reduction of required
O–E–O regenerations compared to legacy networks [14]. Optical Bypass Switching has
been made possible due to technological advances, which have lead to increased optical
reach (i.e. the maximum distance the optical signal can travel while maintaining sufficient
received optical power). The use of Raman amplification extends the optical reach and
allows signals to bypass nodes, without undergoing electronic signal regeneration, and still
reach their target destination [15]. The use of Dispersion Compensated Fibre (DCF) and
Forward Error Correction (FEC) have also helped to extend the achievable optical reach in
modern WDM core networks.
Today, with optical amplification extended to cover both the C and L wavelength bands
and with the use of more efficient modulation formats, systems using 80 WDM channels,
with each channel carrying 40Gb/s (giving an aggregate bit rate of 3.2Tb/s), are being
deployed [16]. 100Gb/s per channel systems are envisaged for the near future and have
been standardised already in IEEE 802.3ba.
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1.3.2 Metropolitan Area Networks
Metropolitan Area Networks (MANs) or ‘Metro’ Networks provide the optical link between
the core network and the access network which connects to the end user. These networks
typically span 200km and are usually implemented with a ring topology [17]. Similar to
adaptations that are required for core networks, metro networks must also be upgraded to
support growing traffic levels in the access network.
Legacy metro networks employed WDM with a 200GHz grid spacing and 2.5Gb/s line
rate on each channel [7]. The networks were aimed specifically at providing high speed
Synchronous Optical Networking (SONET) and Synchronous Digital Hierarchy (SDH) ser-
vices. Today’s metro networks have not only evolved to support higher bit rates, but are also
capable of supporting a range of traffic types such as Internet Protocol (IP), Asynchronous
Transfer Mode (ATM) and, in particular, packet services such as Ethernet protocol [18].
ITU-T G.709 [19] standardises metro network operation to support these services, making
them a true multi–service technology.
Like core networks, metro networks have evolved to avoid the use of OEO conversion. Op-
tical Add–drop Multiplexers (OADMs) allow specific wavelengths to be added or dropped
from the metro ring. In this way optical routing can be achieved whereby wavelengths
allocated for downstream transmission to a specific access network can be dropped from
the metro ring while others are allowed to propagate to their intended destination within
the metro network. Increased reconfigurability and support for various services is achieved
by integrating these components with reconfigurable optical switches to form reconfigur-
able OADMs (ROADMs) [20]. The introduction of advanced modulation formats (e.g.
DQPSK) means that higher spectral efficiencies will soon be available and currently de-
ployed metro networks are designed with a view to upgrading to 40Gb/s and 100Gb/s with
a grid spacing of 50GHz and lower, facilitating their integration with current core networks
standards [7].
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1.3.3 Access Networks
Access networks are often referred to as the ‘first/last’ mile and they connect the customer
to the first node on the metro network. Currently, optical access networks are not widely de-
ployed. The main impediment to employing all optical access networks is cost. In general,
copper wire currently connects each customer directly to the network, meaning an upgrade
to an optical access network would incur a large deployment cost. To date, service pro-
viders have met the required increase in access network capacity (driven by new services
such as VoIP and online gaming) by employing more efficient forms of digital modulation
over the existing electrical cables. To meet future network speeds access networks will need
to evolve, like core and metro networks before them, to be all optical networks. Proposed
schemes for all optical access networks will be discussed in the following sections.
1.4 Optical Access Networks
New technologies have emerged as candidates for use in these future optical networks,
but unlike the long haul core and metro networks, where the distance-bandwidth product
make it feasible to employ expensive optical techniques and components, it is crucial, due
to their high market volume, that next generation optical access networks are extremely
cost effective. FTTH has experienced growth in recent years in several parts of Europe,
the U.S and Asia [21]. Figure 1.4 shows the percentage of fibre broadband connections in
Organisation for Economic Co–operation and Development (OECD) countries as of June
2012 [22].
1.4.1 Existing Access Networks
The most common broadband communication connections to the end user in place today
consist of a twisted pair of copper wires. These wires were originally designed to carry
4kHz voice data referred to as Plain Old Telephone Service (POTS). Through the use of a
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Figure 1.4: Broadband fibre connections as a percentage of all connections, OECD: June,
2012.
family of technologies known as the Digital Subscriber Line (DSL) more efficient use of the
telephone network is made so as to provide broadband services to the end user. Telephone
and broadband services are assigned a specific frequency sub–band from the available band-
width and are separated by filtering at the subscriber end. Upstream data (sent from the user)
is transmitted along the copper wire to a DSL Access Multiplexer (DSLAM) located at the
Central Office (CO). This is used to multiplex multiple lower data rate upstream signals
from many users into one higher speed signal for onward transmission. Asymmetric DSL
is a variant of DSL which provides higher downstream data rates than upstream data rates.
Today the term DSL is used interchangeably with ADSL and downstream data rates to each
subscriber of about 8Mb/s can be achieved [23].
Another method of providing broadband communication services today is by using co–
axial cables originally deployed to homes to facilitate the transmission of analogue TV
signals. The 8MHz bandwidth per channel required to transmit analogue TV cannot be
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provided by the copper twisted pair and so co–axial cable has been installed in many urban
areas. The greater bandwidth provided by co-axial cables facilitates the provision of higher
upstream and downstream broadband data rates compared to the telephone network. The
disadvantage of co–axial cables lies in the fact that electrical amplifiers are needed every
100–200m in order to ensure sufficient received power. This is not only energy inefficient
but limits transmission distance. A solution to this problem is to use a Hybrid Fibre–Co-
axial (HFC) network. In these types of networks, optical fibre is deployed from the service
provider’s CO to a Remote Node (RN). At the RN the optical to electrical conversion takes
place and the downstream data is transmitted to each user via the co–axial cable. In this way
the use of the co–axial cable is minimised and the superior transmission characteristics of
optical fibres are exploited. The data rates provided by such a system to each user depends
greatly on how close to the home the optical–electrical conversion takes place. This has
given rise to many forms of network implementation such as Fibre–to–the–Node (FTTN),
which brings the fibre to within 1.5km of the user, Fibre–to–the–Cabinet (FTTC) which
brings the fibre to a cabinet within 150m of the user or Fibre–to–the–Basement (FTTB),
which runs the fibre to a cabinet within a large commercial or residential premises. Due
to the many acronyms used to describe the iterative advances in HFC fibre penetration, the
term FTTx can be used to refer to these technologies collectively. Current FTTx access
networks are capable of providing downstream speeds of up to 100Mb/s to each user with
between 10–50 residential units per optical unit (RN) [24].
Although it is currently commercially advantageous to make use of legacy networks such
as copper twisted pair or co–axial cables, more advanced technologies such as higher order
modulation formats will be required to meet the continued growth in demand for bandwidth
in the near future. This not only decreases the financial incentive to continue using such
infrastructures (as operation costs rise), but is also unsustainable given projections for future
bandwidth demands [25]. The next step in the evolution of access networks will be to create
an all optical access network by providing Fibre–to–the–Home (FTTH).
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1.4.2 Passive Optical Networks
A Passive Optical Network (PON) is the network architecture which is seen as the most
promising, ‘future-proof’ candidate for use in next generation optical access networks [26].
In this architecture a feeder fibre runs from the central office (CO) to a remote node. The
remote node contains a passive optical device which connects this fibre to multiple users. In
the CO an Optical Line Terminator (OLT) manages the transmissions from each subscriber.
An Optical Network Unit (ONU) is used at the subscriber end to convert the incoming
optical signal into the electrical domain. The ONU then transmits data back to the OLT
at the CO, this being referred to as upstream data. There are a number of candidate PON
technologies that have attracted much attention within the research community [27]. These
will be discussed in the following sections.
1.4.2.1 Time Division Multiple Access PON
Current PON standards Ethernet PON (EPON) IEEE 802.3ah [28] and Gigabit PON (GPON)
ITU-T G.984 [29] both use Time Division Multiple Access (TDMA). A typical TDMA
PON layout is shown in figure 1.5. In this type of architecture each subscriber is allocated
a time slot in which they can access available bandwidth. The passive power splitter shown
is also used to couple the upstream data from each subscriber into the feeder fibre and back
to the OLT. The OLT assigns the time slots used by each subscriber in such a way so that
there is no overlap of data streams. This introduces difficulty as, to achieve this, the OLT
requires precise time–delay information which is usually supplied by a probe signal. An-
other challenge associated with TDMA–PONs is the requirement for a Burst Mode Receiver
(BMRx) at the OLT [30]. As packets of data arrive at different times, from various users at
different distances from the OLT, clock synchronisation and receiver gain equalisation for
each received packet from an ONU must be performed by the BMRx. Dynamic bandwidth
allocation is possible, but adds a high level of complexity to the control algorithm.
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Figure 1.5: TDM–PON architecture.
1.4.2.2 Wavelength Division Multiplexing PON
The complex management issues associated with TDMA can be avoided using Wavelength
Division Multiplexing (WDM), which assigns a pair of dedicated wavelengths to each sub-
scriber (for upstream and downstream data); as a result users are independent of each other
and can transmit without interference [31]. Furthermore, as WDM is the technology of
choice for both core and metro networks, its adoption in access networks would facilitate
simpler integration with the higher layer systems.
Instead of a power splitter at the RN, WDM employs a passive wavelength (de)multiplexer
such as an Arrayed Waveguide Grating (AWG), see figure 1.6. Problems arise with WDM
PONs when it comes to low cost implementation. It is necessary that the source wavelength
at each ONU matches the wavelength profile of the AWG (which may change due to en-
vironmental conditions) and this may be difficult to implement in a cost effective manner.
Also, for each subscriber, a separate transceiver at the OLT is required, which raises cost.
The addition of tunable optical devices allows for network reconfigurability [9] but again it
is currently difficult to implement this in a cost effective manner.
1.4.2.3 Orthogonal Frequency Division Multiplexing PON
An Orthogonal Frequency Division Multiplexing (OFDM) PON layout is shown below in
figure 1.7. In this structure a large bandwidth OFDM signal is transmitted from the CO to
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Figure 1.6: WDM–PON architecture
each subscriber. At the ONU the optical signal is detected and converted to the electrical
domain. A specific potion (e.g. a single subcarrier) of the data carries information about
which other subcarriers are designated to a particular ONU, and the relevant subcarriers can
be processed accordingly. For upstream transmission each ONU uses the same designated
RF OFDM subcarrier frequencies as for the downstream data. The upstream OFDM signals
from each ONU are modulated onto an optical carrier, combined with other upstream ONU
data signals at the remote node and then sent to the OLT through the feeder fibre. This type
of architecture has been the subject of much research [32–36] and is referred to as OFDM
Access (OFDMA). Indeed, 108Gb/s downstream transmission has been demonstrated using
polarization multiplexing [37].
There has also been a considerable amount of research carried out on WDM–OFDM–
PONs which employ a WDM–PON architecture as shown in figure 1.6 and use OFDM
as the data modulation format on each WDM channel [38–40]. In this way reconfigurab-
ility can be achieved using a combination of techniques in both the electronic and optical
domains.
These architectures lend themselves well to network reconfigurability as, through DSP,
users can be dynamically assigned more or less OFDM subcarriers depending on dynamic
traffic patterns [41]. As will be discussed later in section 2.2.3, dispersion is also easily dealt
with through DSP by exploiting OFDMs’ cyclic prefix. The transfer of complexity from
optics to low cost electronics to address these key issues in future optical access networks
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is the key differentiator between OFDM PON and other potential technologies [12].
Figure 1.7: OFDM–PON architecture
1.4.3 Requirements for Next Generation Access
Current PON deployments (EPON and GPON) offer aggregate 1.25/2.5Gb/s upstream/-
downsteam data rates through the use of TDMA. Next generation PONs can be broken
doen into two stages as defined by the Full Service Access Network (FSAN) community.
NG-PON stage 1 (NG-PON1) and NG-PON stage 2 (NG-PON2). NG-PON1 targets an
aggregate downstream data rate of 10Gb/s and an upstream rate of with 2.5 or 10Gb/s. The
XG-PON standardised by ITU-T is an example of such a PON architecture.
NG-PON2 technologies target a total downstream data rate of 40Gb/s with at least 1Gb/s
in the upstream direction. The required reach for NG-PON2 is 40km with a splitter ra-
tio of 1:64. TDM, WDM, OFDM, and TWDM have all been proposed for use in such
PONs.
Although the use of TDM would offer a simple migration from current PON deployments,
the burst mode reception required for TDM operation becomes increasingly difficult as
line rates increase. Furthermore, the downstream data rate is limited to that which can be
provided on a single optical carrier. One way to overcome this problem is to use a hybrid of
TDM and WDM (TWDM) where multiple optical carriers are used to carry TDM data each.
Each ONU in the system is equipped with a tuneable transceiver. This technique exploits
the advantages of WDM while reducing the requirements on the components necessary for
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TDM operation. However, the passive routing and tuneable optics required for WDM are
still necessary with this type of network configuration. This technique appears to be the
current front-runner for NG-PON2.
Ultra Dense WDM (UdWDM) has also been proposed for use in NG-PON2 [42]. This
method makes use of coherent detection both at the OLT and at the ONU. In such a case,
very low channel spacings could be employed (as low as 2.8GHz) with each optical channel
carrying 1.25Gb/s DQPSK data. This technique would offer excellent receiver sensitivity
but the deployment of coherent receivers as well as tuneable lasers at every ONU, in a cost
effective manner, remains a major challenge if this technique is to be a realistic candidate
for future PONs.
Finally, OFDM based solutions, much like that presented in section 1.4.2.3, have also been
investigated. The key advantage of OFDM is that channel impairments can be overcome
in the electrical domain. Furthermore, OFDM’s tightly packed subcarriers offer good spec-
tral efficiency and the potential for dynamic bandwidth allocation, again in the electrical
domain. OFDM’s high Peak-to-Average Power Ratio (PAPR) (discussed in section 2.4)
can lead to low signal powers which impacts reach/splitter ratio. However, the avoidance
of both a burst mode receiver and expensive tuneable optics makes OFDM based solu-
tions an excellent candidate to provide 40Gb/s (aggregate) data rates and beyond, for future
PONs.
1.5 Key Components and Technologies
It is clear from the above discussion regarding the requirements and composition of poten-
tial next generation optical networks, that the development of optical components as well
as communication technologies will have a major role to play in terms of how easily cur-
rent networks will be upgraded. In the case of Metro and Access networks it is critical
that technological advances allowing for the scaling of these networks take place in a cost
effective manner. The next sections discuss key optical components as well as optical and
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electrical techniques, some of which are currently utilised but may be adapted to enable
more spectrally efficient, higher bit rate optical networks to emerge.
1.5.1 Direct Modulation
Above the threshold value of the laser diode, the emitted light intensity is directly propor-
tional to the bias current. As current is varied temporally so too is the output power from the
laser diode. In this way light from the diode can be varied in accordance with, or modulated
by, a multilevel data signal known as the drive signal. This technique is known as Direct
Modulation. Figure 1.8 shows a typical measured Output Optical Power Vs. Bias Current
plot for a Distributed Feedback (DFB) laser. A linear relationship between output power
and bias current is displayed for values above the threshold current, Ith.
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Figure 1.8: Measured PI curve of a DFB laser.
An important parameter when considering direct modulation of a laser is how quickly the
driving current can be modulated before the laser stops responding to current variations.
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This information can be inferred from the laser’s modulation response. The 3dB bandwidth
of this response is one of the main limitations of direct modulation as it places a restriction
of usable frequencies for driving data signals. An estimate for the 3dB bandwidth can be
derived from the laser rate equations [1].
f3dB ≈
[
3GN
4pi2q
(Ib − Ith)
] 1
2
(1.1)
where GN is the optical gain coefficient, q is the electron charge, Ib is the bias current and
Ith is the threshold current. From the expression we can see that f3dB increases with bias
level as
√
Ib − Ith. Figure 1.9 shows the typical modulation response of a DFB laser for
various bias current values.
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Figure 1.9: Modulation response of a modelled laser diode at various bias currents.
Another effect that occurs with direct modulation is frequency chirp. Amplitude modulation
of a semiconductor laser is always accompanied by phase modulation of the output light–
wave. A time varying change in phase is equivalent to a change in frequency. The resultant
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broadening in frequency of the output optical signal in this way is known as chirp. This is
undesirable, particularly in long-haul communications as it limits the transmission distance
before dispersive effects in optical fibre begin to degrade the signal [1].
The problems associated with direct modulation are more sharply felt for longer-haul trans-
mission systems. In access networks, where transmission distances are generally less than
100km, frequency chirp does not contribute to a major degradation in system performance.
Furthermore, through the use of more spectrally efficient digital modulation formats and
higher speed electronics, direct modulation bandwidths can be used to provide 10+Gb/s
data rates required for future systems. These factors, coupled with the lower cost and foot-
print of direct modulation transmitters compared to transmitters employing external mod-
ulators, makes direct modulation transmitters the transmitters of choice for optical access
networks.
1.5.2 External Modulation
To increase modulation bandwidth and overcome the frequency chirp associated with direct
modulation, external optical modulators can be employed. For transmitters employing these
modulators the laser bias current is held constant and so Constant Wave (CW) light is output
from the laser diode. This CW output is coupled to a modulator which manipulates either
the phase or amplitude of the light in proportion to an electrical drive signal which is also
applied to the modulator.
An optical phase modulator can be constructed by embedding an optical waveguide in an
electro-optical substrate, most commonly LiNbO3. By applying a voltage across the sub-
strate material the refractive index of that material and hence the effective refractive index
of the waveguide can be altered, which in turn alters the phase of the incoming optical sig-
nal [43]. So by controlling the external voltages applied, the phase of the incoming optical
field can be modulated. This phase modulation can be converted to amplitude modulation
using a Mach–Zehnder interferometer structure [1].
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Phase modulation is converted to amplitude modulation using the principle of interfero-
metry. The Dual Drive Mach–Zehnder Modulator (DD–MZM) structure which consists of
two phase modulators and two light paths is shown in figure 1.10. Incoming light from
a laser diode operating in CW mode is split into two paths each containing a phase mod-
ulator. An independent drive voltage is applied across each phase modulator and so the
optical signals in either path are subjected to a different changes in phase. Having acquired
a relative phase difference between the two optical signals they are then recombined. The
interference between the two signal varies from constructive to destructive depending on the
relative phase shift and so the output signal can be modulated in terms of optical intensity.
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Figure 1.10: LiNbO3 Mach–Zehnder Modulator.
Figure 1.11 shows the ideal DD–MZM characteristic where ∆V represents the difference
between the two external drive voltages. This transfer function is expressed mathematically
as
Eo(t)
Ei(t)
=
1
2
· (expjϕ1(t) + expjϕ2(t)) (1.2)
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where Ei(t) is the input optical field, Eo(t) is the output optical field and ϕ1(t) and ϕ2(t)
are the phase shifts applied to the upper and lower paths of the modulator. The voltage
swing required to change the relative phase difference between the two optical paths from
zero radians to pi radians is known as Vpi. Therefore, in the ideal case, a shift of Vpi in the
voltage difference between the two arms of the modulator is capable of changing the output
optical intensity from minimum to maximum. To achieve a linear relationship between
driving voltages and optical intensity, the modulator is typically biased by ∆V to be halfway
between these points. This point is known as the quadrature point. A time varying voltage
data signal whose amplitude is less than Vpi is then added to the bias and so the output
optical intensity is linearly proportional to ∆V .
It is also possible to achieve a linear relationship between the drive voltages and the optical
field by biasing the modulator at the minimum of its intensity characteristic (the null point).
Biasing in this way is typically employed in systems which are capable of detecting changes
in optical phase at the receiver. Again, a time varying drive signal is added to the bias
whose peak–to–peak amplitude is tailored to remain within the linear region of the field
characteristic. It is clear to see from figure 1.11 that this linear region is larger than that of
the intensity characteristic and so driving voltages are not limited to a maximum amplitude
of less than Vpi. However, biasing at this point leads to a large insertion loss as the mean
intensity, and hence the optical carrier, is minimised and of course the requirement for phase
coherence at the receiver is introduced.
1.5.3 Advanced Modulation
Progress in optical filtering has allowed optical communications systems to move towards
employing WDM as a means to achieve true optical networking [44]. Due to advances
in electronic and optoelectronic components, available electronic bandwidth has grown
greatly. This, coupled with the desire to maximise the efficiency on each optical chan-
nel, has given rise to the implementation of digital modulation formats, most of which have
been successfully adopted from the Radio Frequency (RF) communications to help maxim-
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Figure 1.11: Transfer function of a Dual Drive MZM showing optical intensity and field for
various voltage bias values.
ise throughput and bandwidth efficiency.
The idea behind using advanced modulation formats, both in the optical and RF world,
is to increase the number of bits transmitted per symbol from one, which is the case for
optical systems employing On-Off Keying (OOK), to the maximum number of bits per
symbol the signal-to-noise ratio of the optical link with allow, thereby increasing spectral
efficiency. The simplest way to do this is to transmit multiple bits per symbol using mul-
tilevel amplitude modulation. This is known as Amplitude Shift Keying (ASK). Another
degree of freedom is added when the phase of the carrier is also used for encoding data,
where multiple phase shifts are used to represent data symbols which are each assigned a
unique pattern of bits. Modulating the phase alone is known as Phase Shift Keying (PSK).
Using a combination of these carrier variables, multilevel amplitude and phase modulation,
increases the symbol size and allows a greater number of bits per symbol to be transmitted.
This technique is referred to as Quadrature Amplitude Modulation (QAM). For any modu-
lation format the relationship between the number of available symbols, M , and allowable
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number of bits transmitted per symbol, m, is given by:
m = log2(M) (1.3)
Although these advanced modulation formats (which modulate both amplitude and phase)
can be adapted for implementation with an optical carrier through the use of external optical
amplitude and phase modulators, the requirement in many cases for an optical coherent re-
ceiver to detect optical phase changes, coupled with their associated cost and complexity,
makes this type of implementation feasible only for Core and Metro networks. Neverthe-
less, advanced modulation formats have received attention for use in Access networks, in
the form of RF data which is typically multiplexed using OFDM [38, 45]. Instead of en-
coding the information using only the optical carrier, data signals are generated digitally in
the RF domain i.e. the phase and amplitude of the RF carrier or subcarriers are modulated.
These RF data signals are then used to modulate only the amplitude of the optical carrier
by either direct or external modulation. This approach not only allows for the use of dir-
ect detection, it also avoids high insertion loss associated with external optical modulators
when they are biased at, or close to, their intensity null point (i.e. to modulate optical phase
as discussed in section 1.5.2).
1.5.3.1 Quadrature Phase Shift Keying
Quadrature Phase Shift Keying (QPSK) is a form of PSK which encodes data onto four
discrete phase angles of the carrier. Each symbol is represented by one of four phase values,
each separated by 90◦. In this way each QPSK symbol can convey 2 bits of information,
doubling the spectral efficiency compared to OOK. A reference signal is needed at the
receiver to detect these phase values. The amplitude of the carrier is not varied. Figure 1.12
shows the symbol mapping or constellation diagram on the complex plane for QPSK. Each
symbol has a distinct phase value, but has the same amplitude.
The requirement for a Local Oscillator (LO) or reference signal at the receiver for QPSK is
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Figure 1.12: QPSK Constellation
a drawback as phase locking must be performed in order to ensure correct detection. This
is a problem for optical systems employing optical QPSK (i.e. the phase of the optical
carrier is modulated) due to the complexities associated with optical LOs and Optical Phase
Locked Loops (PLLs). This has led to the emergence of Differential QPSK (DQPSK) which
negates the requirement for a LO at the receiver by encoding data using phase shifts relative
to the phase of the previous symbol at the transmitter. In this way the data can be decoded at
the receiver by comparing the phase of the carrier during the current symbol period to that
of the previous symbol period. This is carried out optically using a Delay Interferometer
(DI) whose delay is set to equal the symbol period. The phase difference between the two
represents the data symbol. In practice, two binary signals known as the In-phase (I) and
Quadrature (Q) signals are used to independently modulate the optical field and a version
of the optical field which is pi/2 radians out of phase, respectively. These optical signals are
combined so that four relative phase shifts are achieved 0, +pi2 , −pi2 and pi enabling two bits
per symbol to be encoded. Two DIs are required to recover the I and Q data signals at the
receiver.
This approach not only simplifies receiver design but, as it is not the absolute phase value
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which is of importance, overcomes any ambiguity that may arise due to constellation rota-
tion through the channel.
1.5.3.2 Quadrature Amplitude Modulation
Quadrature Amplitude Modulation (QAM) is a very popular RF modulation technique due
to its potential to provide high spectral efficiencies. In RF communications this scheme
typically involves the multilevel Amplitude Modulation (AM) of two carriers with two bit
streams respectively. The carriers are 90◦ out of phase with each other and so are said to
be in quadrature. The two carriers are then summed and the resultant waveform is both
amplitude and phase modulated.
Figure 1.13: 16–QAM Constellation
Of course, it is possible to simply increase the number of levels (phase shifts) employed
by PSK, but this brings the symbol values, or constellation points, closer together, making
them less distinguishable and hence more susceptible to being decoded erroneously at the
receiver. QAM increases the distance between constellation points by introducing multiple
amplitude levels which are used for symbol mapping. Increasing the level of amplitude
modulation of the two carriers therefore increases the constellation size and so very high
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spectral efficiency can be achieved by using 16–QAM (4 bits per symbol), 32–QAM (5 bits
per symbol) or 64–QAM (6 bits per symbol) for example. Of course, there is still a trade off
to be considered as increasing the QAM constellation size increases the required SNR for
a given level of performance. Figure 1.13 shows the constellation diagram for 16–QAM.
Each symbol, or constellation point, has a unique combination of amplitude and phase. Bits
are assigned to symbols such that each adjacent QAM symbol on the constellation diagram
differs by only one bit. This is know as Gray Coding and it minimises bit errors in the case
where a symbol is erroneously decoded as an adjacent symbol.
QAM can be achieved with an optical carrier by the simultaneous modulation of both the
carrier amplitude and phase by an external complex modulator. Again, a coherent receiver
with a LO is required in order to retrieve the optical phase information.
1.6 Conclusion
The continuous growth in demand for higher data rates, fuelled by on–demand and inter-
active internet services, will drive the development of optical communications networks.
The relatively low market volume and enormous throughput of core networks justify high
expenditure on new advanced technologies to help to meet future capacity needs. Planning
and deploying the next generation of metro, and to a greater extent, access networks will
prove to be a difficult task given the required reconfigurability and inherent cost sensitivity
of these networks.
To overcome the bottleneck that exists in access networks, legacy copper and co–axial
cables are being replaced by fibre as FTTH systems are deployed. FTTH has already been
specified in the context of a Passive Optical Network which uses TDM technology. Next
generation access networks will need to provide greater downstream data rates and a greater
level of reconfigurability while remaining low cost. OFDM is a promising technology for
use in next generation PONs due to its bandwidth efficiency, robustness to optical chan-
nel effects such as dispersion and, given is multicarrier composition, its wide scope for
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providing network reconfigurability using low cost electronics rather than complex optical
components.
This thesis explores ways in which OFDM can be integrated into cost effective optical
systems so as to provide the data rates and reconfigurability required for next generation
optical access and metro networks.
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Chapter 2
Orthogonal Frequency Division
Multiplexing
This chapter discusses the theory behind and the applications of Orthogonal Frequency Di-
vision Multiplexing (OFDM) as well as important metrics for measuring its signal quality.
OFDM’s recent adaptation to the world of optical communications is examined and the
reasons behind its excellent performance in optical channels are explained. Various imple-
mentations of OFDM in next generation optical communications are presented.
2.1 Introduction
Orthogonal Frequency Division Multiplexing (OFDM) is a Multi–Carrier Modulation
(MCM) technique which transmits data on many subcarriers which are harmonically re-
lated. The key differentiator between OFDM and regular Frequency Division Multiplexing
(FDM) is that subcarrier spectra overlap, but do not interfere due to their harmonic rela-
tionship (known as orthogonality), allowing for an increased number of subcarriers to be
transmitted in a given bandwidth.
The first proposal to use orthogonal frequencies for data transmission was made in 1966 by
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Chang at Bell Labs [1]. This system used information about the channel characteristics and
a bank of electrical filters at the transmitter to realise the harmonic relationship between
subcarriers required for orthogonality. The next major step in the development of OFDM
was made when Weinstein et. al. first proposed the use of a Fast Fourier Transform (FFT) as
an efficient means to generate orthogonal subcarriers in publications in 1969 and 1971 [2],
making OFDM viable for electronic communications at the time.
It was not until 1990 that OFDM was incorporated into a major consumer application, the
wireline protocol Asymmetric Digital Subscriber Line (ADSL). Cioffi et. al. at Stanford
University first demonstrated the suitability of Discrete Multi–Tone (DMT) – essentially the
same as OFDM – for DSL systems [3, 4] which they attributed to its provision of relatively
high data rates and efficiency in terms of spectral power distribution [5].
The first application of OFDM to optical communications was shown by Pan and Green
in 1996 [6]. They demonstrated the direct modulation of a laser diode with a RF OFDM
signal which they called a ‘Lightwave Hybrid AM/OFDM system’. In 2001 Dixon et.
al. proposed the use of OFDM to mitigate the effects of modal dispersion in a Multi–
Mode Fibre (MMF) [7]. This tolerance to dispersion in an optical channel has since been
recognised as one of the key attributes for making OFDM an excellent candidate for use in
future optical networks. Research on this topic has grown rapidly with the use of OFDM in
many types of optical systems, from Plastic Optical Fibre (POF) applications [8], to Hybrid
wireline/wireless Access Networks [9], to Optical Super–Channels [10].
2.2 OFDM Principles
OFDM is a highly popular technique in both wired and wireless radio communications and
has been specified in many radio standards such as WiFi, WiMAX, LTE, UWB, VDSL and
ADSL as well as TV and radio broadcasting protocols such as DAB+, DRM and DVB. As
stated above, only recently has OFDM been the subject of much research as a modulation
technique for use in optical communication systems. The idea behind MCM techniques,
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such as OFDM, is that one high data rate stream is split into multiple lower data rate streams
and these streams are transmitted in parallel, giving longer symbol periods than single car-
rier techniques. In OFDM these parallel streams are typically modulated with Quadrature
Amplitude Modulation (QAM). OFDM’s compact arrangement of subcarriers, which are
orthogonal to each other in the frequency domain, ensures high spectral efficiency and is
the main reason behind OFDM’s use in current radio standards. However, as previously
stated, what makes OFDM particularly attractive for use in optical communications is its
inherent tolerance to chromatic dispersion [11]. These key attributes will be discussed in
the following sections.
2.2.1 Inverse Fast Fourier Transform
Shown in figures 2.1a and 2.1b below are the typical spectra of a FDM and an OFDM sig-
nal respectively. Like FDM, OFDM subcarriers each have a different frequency, but the
difference is that individual OFDM subcarrier spectra overlap in the frequency domain. If
each subcarrier is made to be orthogonal to all other subcarriers then they can be transmit-
ted in parallel without interference. In OFDM, subcarriers are chosen to be orthogonal to
each other in frequency. This is achieved by the implementation of an Inverse Fast Fourier
Transform (IFFT) at the transmitter. In practice, as OFDM signals are created digitally, an
Inverse Discrete Fourier Transform (IDFT) is implemented.
(a) (b)
Figure 2.1: OFDM (a) and FDM (b) subcarriers.
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xm =
1√
N
N−1∑
k=0
Xkexp
(
j2pikm
N
)
for 0 ≤ m ≤ N − 1 (2.1)
Equation 2.1 gives the discrete form of the IFFT where N is the number of IFFT inputs
(equals the number of resultant subcarriers), X refers to the frequency domain inputs or
Fourier coefficients and x is the time domain output arising from the IFFT. It is important
to note that each output x contains information about all X coefficients i.e. Xk for 0 ≤
k ≤ N − 1. On inspection of equation 2.1 it can be seen that output frequencies vary
as kN =
0
N ,
1
N . . .
N−1
N and as such each subcarrier frequency is an integer multiple of a
fundamental frequency, in this case 1N . Since the area under the product of two sinusoids
with frequency of an integer number of a fundamental frequency (ω) is 0,
1
T
·
∫ T
2
−T
2
sin (pωt) · sin (qωt) dt = 0
p, q  Z, p 6= q
the sinusoids, or subcarrier frequencies, assigned by the IFFT are said to be orthogonal over
one IFFT operation i.e. they do not interfere and are therefore uniquely detectable by the
inverse receiver function, the Fast Fourier Transform (FFT). In the frequency domain, it can
be seen in figure 2.1b that at the peak of one particular subcarrier all other subcarriers pass
through 0. Practically, this point corresponds to the ideal sampling instant at the receiver
required for unique detection.
Figure 2.2 gives a conceptual diagram of the IFFT. The transform can be seen as a bank
of mixers whose respective sinusoidal inputs, frequencies f1 to fN−1, are orthogonal. The
output xm is the summation of all orthogonal sinusoids. Each IFFT operation results in an
output xm and this is referred to as an OFDM symbol. The following analysis shows the
relationship between the input QAM symbol stream and the resulting OFDM symbol rate
and subcarrier spacing.
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Figure 2.2: Conceptual diagram of the discrete IFFT
2.2.2 OFDM Symbol Rate and Subcarrier Spacing
Figure 2.3 shows a trivial example of the conversion of data from a serial bit stream to an
OFDM symbol. The bit stream is divided into groups of bits which will each be assigned a
specific QAM symbol. As 16–QAM is used in the example in figure 2.3, 4 bits are allocated
to each QAM symbol. Serial to parallel conversion also takes place as the QAM symbols are
arranged as inputs to the 6–point IFFT shown in the figure. The QAM inputs are processed
by the IFFT as discussed in the previous section and the resultant output symbol, the OFDM
symbol, is 6 times longer in time than each input QAM symbol.
More generally, if N parallel streams of QAM data are fed to the IFFT, then the OFDM
symbol period, Tofdm, is set to the original QAM stream symbol period, Tdata, multiplied
byN (since an OFDM symbol contains information about all input QAM symbols over one
IFFT operation from equation 2.1).
Tofdm = Tdata ×N (2.2)
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Figure 2.3: IFFT inputs (QAM symbols) and summed output (an OFDM symbol).
This gives an OFDM symbol rate of
Rofdm =
1
(Tdata ×N)
=
Rdata
N
(2.3)
Now we can evaluate the subcarrier spacing in terms of the OFDM symbol rate. From
equation 2.1 subcarrier frequencies vary from
f0 =
0
N
, f1 =
1
N
. . . fN−1 =
(N − 1)
N
cycles/sample (2.4)
and it can be seen that the subcarrier spacing is set by the IFFT to
fp − fq = 1
N
cycles/sample (2.5)
where p and q are consecutive integers and 0 ≤ p, q ≤ N − 1.
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Given an input sample1 rate to the IFFT of Rdata samples/s, equation 2.5 can be scaled by
to give a subcarrier spacing of
Rdata × 1
N
=
Rdata
N
Hz (2.6)
which means, from equation 2.3, that the OFDM subcarrier spacing is equal to the OFDM
symbol rate because
Rdata
N
= Rofdm Hz (2.7)
The extremely low subcarrier spacing facilitated by the fact that subcarriers can overlap
and still be uniquely detectable, is one of that major advantages of OFDM and is the main
reason for its popularity in RF communications. Spectral efficiency can be even further
increased my maximising the level of QAM used on each subcarrier. Another key advantage
of OFDM, particularly for applications in optical communications, is its tolerance to large
amounts of chromatic dispersion which is discussed in the following section.
2.2.3 Cyclic Prefix
One of the enabling techniques for OFDM is the insertion of a Cyclic Prefix [12]. Let
us consider one OFDM symbol. We have seen in section 2.2.1 that each OFDM symbol
contains N orthogonal subcarriers. As each subcarrier is at a different frequency the effect
of dispersion is to introduce a delay spread across all transmitted subcarriers. The receiver
FFT window size is the same as the transmitted IFFT size (i.e. the size of one OFDM
symbol).
Consider just two subcarriers within an OFDM symbol which are aligned in time at the
transmitter as per figure 2.4A. Assume, for simplicity, that one subcarrier arrives at the
receiver exactly within the FFT window. Therefore the other (lower frequency) subcarrier
has been delayed due to dispersion by a time td, see figure 2.4B. It is clear from the diagram
1Here ‘sample’ refers to one discrete element of the input data stream to the IFFT, which most commonly
happens to be a stream of QAM symbols.
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that the received version of Subcarrier 1 is a truncated version of the original transmitted
subcarrier. Note also that inter (OFDM) symbol interference has occurred. As a full copy of
Subcarrier 1 is not received, the subcarriers can no longer be described as orthogonal.
td td FFT windowFFT window
FFT windowFFT window tdtd
Subcarrier 1
Subcarrier 2
Figure 2.4: A. Transmitted subcarriers, B. Received subcarriers, C. Transmitted subcarriers
with a CP and D. Received subcarriers with a CP.
The solution to this problem is to append a portion from the end of each subcarrier (within
each OFDM symbol) to the start of it as shown in figure 2.5. This is known as the Cyclic
Prefix (CP) and once the length of the CP is greater than the maximum delay spread caused
by dispersion, tmax, then a complete copy of every subcarrier will be received and ortho-
gonality is preserved. The addition of a CP at the transmitter is shown in figure 2.4C and
reception after propagation through a dispersive channel is shown in figure 2.4D. Figure 2.5
shows the CP being added to an entire OFDM subcarrier containing N subcarriers.
When the CP is employed at the receiver to ensure a full copy of a particular subcarrier is
obtained it can be seen in figure 2.4D that the received version is a time shifted version of
the transmitted subcarrier. In essence, the received subcarrier is a copy of the transmitted
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Figure 2.5: OFDM Cyclic Prefix implementation.
subcarrier with an added phase shift. As each subcarrier is delayed by a different amount
of time it follows that each received subcarrier, in one OFDM symbol, has a different phase
shift relative to the corresponding transmitted subcarrier. This phase shift, as well as other
frequency selective effects caused by the channel, affect the received data and need to be
accounted for.
2.2.4 Channel Estimation and Equalisation
As stated previously, IFFT parallel input data is typically data that has been modulated
using QAM. One QAM symbol is described by one complex number. This QAM data is
in turn modulated onto OFDM subcarriers by the IFFT. The phase shifted versions of the
original transmitted subcarriers at the receiver are processed using the FFT and the output
is the transmitted QAM data with channel effects. The relative change in phase caused by
dispersion manifests itself as a shift in phase of each QAM symbol. The channel frequency
response causes different subcarriers to have different channel gains and this affects the
magnitudes of the QAM symbols. Therefore, in order to retrieve the QAM data correctly,
it is necessary to estimate these channel effects and account for them by equalising the data
accordingly.
The solution to this particular problem is to use a Training Sequence (TS). This is a known
sequence of complex numbers that is used as the input to the N dimensional IFFT and
therefore results in one OFDM symbol. It is common to transmit this sequence more than
once throughout an entire OFDM signal. As the training sequence constitutes one entire
OFDM symbol, and therefore contains every subcarrier, information about the channel ef-
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fect on every subcarrier can be obtained by comparing the transmitted and received training
sequences. This is known as channel estimation. This can be described simply in mathem-
atical terms. For a given channel response H and known input X the output is
Y = H ×X
Since in this case the input and the output are both known, we can estimate the channel
as:
Hest =
Y
X
Now we have a channel estimation Hest that describes the effect of the channel on every
OFDM subcarrier. To reverse the channel effect on all subsequent data we simply invert
the channel estimation Hest and apply the resulting equalizer to all subsequent data. The
practical implementation of this in DSP is also straightforward. Since both the transmitted
and received training sequences consist simply of a vector of N complex numbers, so too
does the channel estimation, Hest. It follows that this equaliser vector can be seen as a bank
ofN equalisers which is used to reverse the channel effects of each subsequent correspond-
ing N QAM symbols, following receiver demodulation by the FFT as illustrated in figure
2.6.
In optical systems this technique can be used to overcome chromatic dispersion which is
a linear impairment. For simplicity, consider the effect of a dispersive channel on a single
subcarrier in an OFDM symbol which is in the range 0 ≤ k ≤ N − 1. The time do-
main OFDM symbol associated with the kth subcarrier at the transmitter can be described
as
x(k, t) =
1√
N
Xkexp
(
j2pikt
T
)
(2.8)
where T is the OFDM symbol duration and 0 ≤ t ≤ T . Ignoring the effects of noise, the
received version of the signal will experience a certain amount of gain, gk and a time shift
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Figure 2.6: Channel equalisation after receiver FFT.
due to dispersion τk associated with the kth subcarrier frequency.
y(k, t) = gk · 1√
N
Xkexp
(
j2pik(t− τk)
T
)
(2.9)
Rearranging equation 2.9,
y(k, t) =
1√
N
Xkexp
(
j2pikt
T
)
·
[
gk · exp
(−j2pikτk
T
)]
(2.10)
After FFT demodulation at the receiver and adding the effects of noise we receive
Yk = Xk
[
gk · exp
(−j2pikτk
T
)]
+Wk (2.11)
Yk = Xk ·Hk +Wk (2.12)
So the transmitted symbolXk can be recovered from the received symbol Yk using only one
complex multiplication: Yk multiplied by 1/Hk, the kth equaliser in the bank ofN equalisers
which corrects for phase shifts and attenuation on the kth subcarrier after it has propagated
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through the optical channel.
This is referred to as one–tap equalisation (EQ) because it requires only one complex mul-
tiplication. This operation takes place after the receiver FFT and as such is implemented in
the frequency domain. This simple channel EQ is a major advantage of OFDM over other
multiplexing techniques such as TDM, which require complicated time domain algorithms.
Figures 2.7a, 2.7b and 2.7c show transmitted and received constellations (before and after
EQ) obtained from the simulation of several OFDM symbols propagating through standard
single mode fibre (SSMF). The effect of dispersion on the phase of the QAM symbols is
clearly shown in the ‘rotated’ received constellation before EQ (figure 2.7b).
(a) Transmitted. (b) Received. (c) Estimated.
Figure 2.7: Various 32-QAM constellations.
2.3 Error Vector Magnitude
Error Vector Magnitude (EVM) is a common measure for expressing the quality of a meas-
ured digitally modulated signal. It is defined as the vector subtraction of a reference signal
from a measured signal and so it quantifies by how much a received symbol has deviated
from the ideal symbol point [13]. When observing BER, fluctuations, in amplitude and
phase are not detected until they are large enough to cause a bit error. EVM rises and falls
in proportion to these fluctuations providing a measure of signal quality for all received
signals. Furthermore, to process received advanced modulation format signals, most labor-
atory experiments make use of receivers employing offline DSP with reduced clock rates.
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Figure 2.8: Error Vector Magnitude for one transmitter/received QAM symbol.
In this case it can be very time consuming to compute a reliable BER, particularly if the
signal quality is high [14]. Consequently, EVM is used to provided a fast, yet reliable,
method for gauging received signal quality. For OFDM systems, EVM is calculated by
examining transmitted and received QAM constellations i.e. the input symbols to the IFFT
(transmitted) and the demodulated symbols after the FFT (received).
Figure 2.8 shows the error vector for a single transmitted and received QAM symbol. The
magnitude of this vector is calculated by subtracting the ideal and received vector mag-
nitudes and taking the absolute value. EVM values are typically given as a percentage of
the ideal transmitted vector magnitude. For the case where many symbol values (constella-
tion points) are transmitted and received, the EVM is equal to the sum of the magnitude of
error vectors, for all of the received symbols, divided by the total number of transmitted/re-
ceived symbols. This average value can then be expressed as a percentage of the average
ideal vector magnitude. From [15] Root–Mean–Square (RMS) EVM can be calculated
as
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EVMrms =

1
N
N∑
p=1
|Sp,i − Sp,m|2
1
N
N∑
p=1
|Sp,i|2

1
2
(2.13)
where Si and Sm are the ideal and measured symbol (or constellation) points respect-
ively and N is the number of unique symbols in the constellation (e.g. N = 16 for 16–
QAM).
2.3.1 Constellation Normalisation
(a) (b)
Figure 2.9: Ideal (a) and received (b) constellations.
In order to correctly calculate EVM it is necessary to scale transmitted and received constel-
lation diagrams so that a direct comparison can be made. Ideal QAM constellation points,
like those shown in figure 2.9a, are represented by symbols at integer levels e.g. 3 + 1i.
However, received constellations, as shown in figure 2.9b, are quantified using measured
signal voltage levels which depend greatly on the system transmitter and receiver compon-
ents. Both ideal and received constellation diagrams must be scaled to give a normalised
constellation diagram so that the ideal symbol values can be compared to arbitrary voltage
values [16].
A common normalisation process for constellations is to normalise the transmitted (ideal)
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Figure 2.10: Normalised 16–QAM constellation.
and received constellation powers to 1, as shown in figure 2.10 [16]. For the received con-
stellation this can be achieved by dividing the power in each symbol, Psym by the average
symbol power calculated over all received symbols Ntotal to obtain Pnorm. Hence, this
method assumes that each constellation point is equally likely to be received.
Pnorm =
Psym
Ptotal/Ntotal
(2.14)
where Ptotal is the total power of all received symbols
Ptotal =
Ntotal∑
n=1
[
(VI,t)
2 + (VQ,t)
2
]
W (2.15)
and VI,t and VQ,t are the measured in–phase and quadrature voltage level components of
the received QAM symbols. Pnorm represents the normalised symbol powers. It is dimen-
sionless and has a mean value of 1.
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An amplitude scaling factor can be obtained in order to implement this normalisation easily,
with the EVM calculation in equation 2.13. From equation 2.14
|Am| =
√
1
Ptotal/Ntotal
(2.16)
So |Am| is the amplitude scaling factor that must be applied to each received constellation
symbol in order to normalise the average symbol power to 1 as shown in figure 2.10. A sim-
ilar analysis is used to obtain the normalisation factor for the ideal case |Ai|, the difference
being that this is carried out in an integer space rather than a voltage space. Adding these
normalising terms to equation 2.13 we obtain an expression for EVM which is agnostic to
transmitted ideal integer symbol points and received voltage symbol levels.
EVMrms =

1
Ntotal
Ntotal∑
n=1
{|VI,t · |Am| − ZI,t · |Ai||2 + |VQ,t · |Am| − ZQ,t · |Ai||2}
Pavg

1
2
(2.17)
where Pavg is the average power of the normalised constellation and is therefore always
equal to 1 as in figure 2.10
2.3.2 EVM, SNR and BER
Signal–to–Noise Ratio (SNR) and, as stated previously, BER are metrics which are com-
monly used to evaluate system performance. EVM is essentially a relationship between
the average ideal signal magnitude and the average error (or noise) magnitude as shown by
equation 2.13 and so it is intuitive that EVM can easily be related to SNR. SNR is defined
as
SNR =
Signal Power
Noise Power
=
Es
N0
(2.18)
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assuming a Gaussian noise model and where Es/N0 is the energy per symbol to noise
spectral density for systems which are sampled at the symbol rate. Assuming a large num-
ber of transmitted symbols with each symbol equally likely to occur, for QAM systems,
where Ntotal >> M (the number of unique symbols in the constellation), this ratio can be
expressed as
SNR =

1
Ntotal
Ntotal∑
n=1
{
(VI,t)
2 + (VQ,t)
2
}
1
Ntotal
Ntotal∑
n=1
{(NI,t)2 + (NQ,t)2}
 (2.19)
where VI,t and VQ,t are the in–phase and quadrature signal components respectively and
NI,t andNQ,t are the in–phase and quadrature complex noise amplitudes [17]. Considering
a Gaussian noise model, equation 2.17 can expressed with the in–phase and quadrature
noise components NI,t and NQ,t as
EVMrms =

1
Ntotal
Ntotal∑
n=1
{
(NI,t)
2 + (NQ,t)
2
}
Pavg

1
2
(2.20)
and comparing equations 2.19 and 2.20 it follows that
EVMrms ≈
[
1
SNR
] 1
2
=
[
N0
Es
] 1
2
(2.21)
and SNR and be expressed in terms of EVM as
SNR ≈ 1
EVM2rms
(2.22)
where EVMrms and hence SNR are calculated from the normalised constellations.
The relationship between SNR and BER is well known. The above analysis will allow BER
to be expressed in terms of EVM. The probability of symbol error Pe for M–ary QAM in a
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Gaussian noise channel can be expressed as [18]2
Pe ≈ 2 ·
(
1− 1√
N
)
· erfc
(√
3
2(N − 1) ·
Es
N0
)
(2.23)
where erfc, the Complimentary Error Function is given as
erfc(x) =
2√
pi
∫ ∞
x
e−t
2
dt
Combining equations 2.21 and 2.23, Pe can be expressed as
Pe ≈ 2 ·
(
1− 1√
N
)
· erfc
(√
3
2(N − 1) ·
1
EVM2rms
)
(2.24)
Pe, the probability of symbol error for M–ary QAM systems, can be approximated to equal
the probability of bit error in the case where Gray coding is used (see section 1.5.3.2). This
is because in the presence of relatively low levels of noise, QAM symbols are most likely
to be erroneously detected as an adjacent QAM symbol which only differs by one bit. i.e.
one symbol error equals one bit error. Clearly this approximation decreases in accuracy as
the levels of noise introduced increases.
2.4 OFDM Peak–to–Average Power Ratio
OFDM has many advantageous such as high spectral efficiency, resilience to dispersion and
ease of channel equalisation. However, the main disadvantage of OFDM is its inherent
high Peak–to–Average–Power Ratio (PAPR). Radio systems typically employ a high power
amplifier at the transmitter which is operated in saturation for power efficiency. Ampli-
fying a large PAPR signal in this way leads to non–linear distortion and so the amplifier
must be operated in a ‘back–off’ region, leading to inefficient amplification and insufficient
range [19, 20]. In optical communications systems high PAPR also affects the output signal
2M–ary QAM refers to QAM schemes which have an alphabet size of M where M is a power of 2 (e.g. 4,
16, 32 etc.). This gives the number of bits transmitted on each symbol equal to log2(M).
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power at the transmitter. Modulating laser diodes and external modulators with high PAPR
signals provides maximum extinction only when the peaks of the driving signal occur. This
occurrence can be rare and the peaks can have significantly higher power than the average
power of the signal. In this case the laser diode or external modulator must be under–driven
for the vast majority of the signal duration. Simply increasing the drive signal’s amplitude
can lead to modulating below threshold in the case of direct modulation, or non–linear
distortion when using external modulators.
The composition of OFDM symbols from the summation of many subcarriers can lead
to very high sample values at points where subcarrier peaks coincide. The summation of
subcarrier modulated signals in this way leads to an approximately Gaussian distributed
waveform [21].
From Equation 2.1 for the IFFT we can express a single OFDM symbol as
s(t) =
1√
N
N−1∑
k=0
Xkexp
(
j2pikt
Ts
)
for 0 ≤ t ≤ Ts (2.25)
where Ts is the OFDM symbol period, N is the number of subcarriers and Xk are the input
QAM symbols (of which there are N ). PAPR is given by
PAPR =
Pmax
Pav
(2.26)
PAPR =
max(|s(t)|2)
E(|s(t)|2) for 0 ≤ t ≤ Ts (2.27)
PAPR =
max(|s(t)|2)
1
N
N−1∑
k=0
E(|Xk|2)
for 0 ≤ t ≤ Ts (2.28)
where E(·) is the expected value. For simplicity, consider the case where |Xk| is restricted
to having the value 1 (e.g. 8–PSK modulation). Setting |Xk| = 1, N = 256 and setting
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t = 0, the theoretical maximum PAPR can be calculated.
PAPR =
1
256
· (256)2
1
256
· (256)
2
256
= 256 (2.29)
PAPRdB = 10 log10(256) = 24dB (2.30)
Fortunately such a high PAPR is a rare event; however the more OFDM symbols that are
transmitted in one signal the more likely it is for a very high PAPR to be observed. Many
approaches have been taken to try to reduce PAPR, some more complex than others. These
include clipping [22], constellation modification [23], pre–coding [24] and partial transmit
sequence [25]. The most common form of PAPR reduction, hard clipping, is discussed in
the following section.
2.4.1 Clipping
Hard clipping is a simple form of PAPR reduction whereby the OFDM signal to be trans-
mitted is restricted to be within a given amplitude level. If signal peaks exceed this level
they are simply reset to the maximum allowable level. There is clearly a trade off between
the amount of noise introduced by clipping and the performance improvement gained due
to the higher optical extinction which is achieved by employing a reduced PAPR signal.
The optimum level of clipping which should be employed is dependant on the P–I curve of
the laser diode or the characteristic of the external modulator used, as well as the voltage
swing available from the driving electronics.
An issue posed by high PAPR signal which affects all systems using digitally generated
OFDM signals is quantisation noise introduced by the Digital–to–Analogue Converter
(DAC) at the transmitter and the Analogue–to–Digital Converter (ADC) at the receiver. In
analogue to digital conversion, the difference between the actual analogue value and the
sampled digital value is known as quantisation noise. ADCs and DACs have a given res-
olution to which they can operate and the presence of rare high peaks in a signal to be
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processed by these electronic converters ensures that for the majority of the signal length
the OFDM signal is quantised by only a fraction of the available levels, introducing in-
creased quantisation noise. In order to overcome this problem clipping can be used. For
ADCs/DACs of a given resolution it is possible to calculate an optimum clipping level such
that maximum use is made of the electronics, while as little noise as possible is introduced
due to clipping.
Time
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Figure 2.11: Hard clipping levels for a high PAPR OFDM signal.
Consider a clipping factor k where the OFDM signal is clipped at +kσ at the upper bound-
ary and−kσ at the lower boundary, as in figure 2.11, where σ is the standard deviation of the
OFDM signal samples x[n]. For ≥ 10 subcarriers the ensemble average of the amplitudes
x[n] can be modelled as a Gaussian Random Process [12]. So the Probability Density Func-
tion p(x), which describes the relative likelihood of x[n] to take on a particular value, can
be written as
p(x) =
1√
2piσ2
e−
x2
2σ2 (2.31)
The noise due to clipping can be estimated as the power lost due to clipping [22]. Summing
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up the power of the signal above and below +kσ and −kσ respectively.
n2c = 2 ·
∞∫
kσ
(x− kσ) 1√
2piσ2
e
x2
2σ2 dx (2.32)
≈ 2 ·
√
2
pi
· σ2k−3e−k
2
2 (2.33)
Quantization noise for a q bit ADC is given by [22]
n2q =
(kσ)2 · 2−2q
3
(2.34)
and so the SNR, considering only digital distortion (clipping and quantisation noise), can
be expressed as
SNR =
σ2
n2c + n
2
q
(2.35)
=
(
2
√
2
pi
· k−3e−k
2
2 +
k22−2q
3
)−1
(2.36)
So for a given bit resolution q an optimum clipping factor k can be chosen so that the value
for SNR can be maximised. Figure 2.12 shows SNR as a function of clipping level for
various ADC/DAC resolutions indicating optimum clipping factors in each case.
2.5 Adaptive Modulation OFDM
Errors due to transmission of an OFDM signal (with a fixed modulation scheme on each
subcarrier) are dominated by the subcarriers with the smallest SNR, so simply increasing the
transmit power signal may not necessarily have a large impact with regard to reducing the
observed BER. This is in contrast to single–carrier modulation schemes, where the energy
of a single bit is distributed across the bandwidth of the signal and so the frequency selective
response of a channel results in far less errors when compared to OFDM [26].
To overcome this problem Adaptive Modulation OFDM (AM–OFDM) can be used. This
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Figure 2.12: Clipping factor vs. SNR for various ADC/DAC resolutions.
differs to regular OFDM as the modulation format on each subcarrier is adjusted accord-
ing to the characteristics of the transmission channel. In doing so, overall throughput and
robustness to the channel can be improved [27]. As channel characteristics are needed in
order to choose a suitable modulation format for each subcarrier, it is necessary to transmit
a pilot signal so that channel information can be fed to the transmitter. Adaptive modula-
tion in this way can be considered to be both a bit loading and power loading scheme as
constellation sizes (and hence both bit/symbol and signal power) on each subcarrier can be
either increased or decreased.
AM–OFDM, also known as Discrete Multi–Tone (DMT), was first proposed for use with
DSL/ADSL services as a means of increasing data rates and robustness to channel impair-
ments over the copper twisted pair cables [28–30]. The use of AM–OFDM was then
demonstrated for wideband radio channels exhibiting a large improvement over a frequency
selective, time variant channel when compared to regular OFDM [31]. More recently
AM–OFDM has been the subject of research for optical communications systems [32–34].
AM–OFDM naturally lends itself to overcoming the frequency selective fading channel re-
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sponses of direct modulation systems in particular, which are dominated by the modulation
response of the laser diode [35, 36].
2.5.1 The Levin–Campello Algorithm
Each OFDM subcarrier can be considered as an independent sub–channel, with each exper-
iencing a different SNR after transmission through a channel. In optical communications
this channel is typically time invariant. In order to maximise the throughput for a given total
allowable transmit power, a mapping needs to be derived which assigns the optimum mod-
ulation order to each subcarrier taking into account SNR experienced by those subcarriers
respectively. This mapping is known as the bit distribution. The algorithm used to optim-
ise this bit distribution is known as the Levin–Campello (LC) algorithm [37]. This was
chosen over other algorithms such as Chow’s algorithm [28] as it converges on an efficient
bit distribution without violating the total allowable energy constraint.
Starting with a sub–optimal bit distribution b = [b1, b2 . . . bN ] where N is the number of
subcarriers, the algorithm exploits the fact that for a given set of subcarrier Gain-to-Noise
Ratios(GNRs) and margin (this is also known as the gap–to–capacity and it measures the
proximity of data rates to the highest theoretically available data rate – the channel capa-
city), the energy required on each subcarrier, εn(bn) can be calculated [38]. Furthermore, it
is also possible to calculate the change in energy required to alter the constellation size on
a subcarrier by β bits/symbol. This is known as the incremental energy.
The LC algorithm works in two steps.
Step 1 Efficientizing: The LC algorithm uses the incremental energy information to search
for the subcarrier for which increasing the constellation size by 1 bit/symbol (therefore
granularity β = 1) incurs the least amount of energy cost while simultaneously searching
for the subcarrier for which decreasing the constellation by 1 bit/symbol saves the most
energy. The relevant constellation sizes are updated and this process is continued until the
maximum saving in energy gained by decreasing a subcarrier constellation by 1 bit/symbol
61
is less than or equal to the minimum energy required to increase a subcarrier constellation
by 1 bit/symbol i.e.
max
1≤n≤N
en(bn) ≤ min
1≤m≤N
em(bm + β) (2.37)
Practically this condition means that even though the constellation size can be decreased by
1 bit/symbol on the subcarrier which provides the maximum saving in energy in doing so,
this saving in energy is not sufficient to increase the constellation size (by 1 bit/symbol) on
any other subcarrier. This step is known as the ‘efficientizing’ algorithm, as it converges
on the most efficient bit distribution. A distribution is said to be efficient when it has the
lowest total power of all bit distributions with the same bit rate.
Step 2 E–Tightness: Next the LC algorithm takes the ‘efficient’ bit distribution from step
1 and forces it to be constrained by the total allowable energy εT . While the sum of the
subcarrier energies exceeds the total allowable energy, the algorithm searches for the sub-
carrier for which reducing the constellation size by 1 bit/symbol saves the most energy.
Again, the constellation size on the subcarrier in question is decreased accordingly. This
iterative process continues until the total allowable energy minus the sum of the subcarrier
energies is less than or equal to the minimum energy required to increase the constellation
size on a subcarrier by 1 bit/symbol. i.e.
0 ≤ εT −
N∑
n=1
εn(bn) ≤ min
1≤i≤N
[ei(bi + β)] (2.38)
This ensures that no additional unit of information can be carried without violation of the
total allowable energy constraint.
2.5.1.1 Discrete Implementation
Although the algorithm is somewhat complex to describe, its implementation in a digital
system is straightforward. In order to complete steps 1 and 2, the subcarrier energies must
be calculated. Subcarrier energies for M–QAM, with a granularity of β = 1 are given
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by [39]
εn(bn) = 2 · Γ
gn
(2bn − 1) (2.39)
Again, where n is the subcarrier index (n  [1, N ]), gn is the subcarrier GNR and bn is the
number of bits per symbol carried by the modulation format on each subcarrier. Γ is the
gap–to–capacity for M–QAM (see appendix B) which is calculated by specifying a desired
probability of error. This allows the bit distribution to be optimised for a desired BER.
Knowing the total subcarrier energies, the incremental energies en(bn) can be calculated
for all subcarriers, for all levels of modulation, where
en(bn) = εn(bn)− εn(bn − β) (2.40)
Step 1: Deriving an efficient distribution. Assign the index of the minimum incremental
energy required to add an extra bit/symbol to a subcarrier to variable m.
m← arg min
1≤i≤N
ei(bi + 1) (2.41)
Now assign the index of the maximum incremental energy which would be saved by taking
away 1 bit/symbol from a subcarrier to variable n.
n← arg max
1≤j≤N
ej(bj) (2.42)
While the minimum increase in energy required is less than the maximum energy saved the
following actions must be performed.
WHILE em(bm + 1) < en(bn)
1. bm ← bm + 1 (add 1 bit/symbol)
2. bn ← bn − 1 (take away 1 bit/symbol)
3. m← arg min
1≤i≤N
ei(bi + 1) (re-assign index)
4. n← arg max
1≤j≤N
ej(bj) (re-assign index)
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Step 2: This step enforces the energy constraint (equation 2.38) while maintaining an ‘effi-
cient’ distribution. Let S =
N∑
n=1
εn(bn), the sum of the subcarrier energies. The following
sets of actions must be performed depending on whether the total allowable energy is ex-
ceeded or not.
WHILE (εT − S) < 0 or (εT − S) ≥ min
1≤i≤N
ei(bi + 1)
IF (εT − S) < 0 (exceed energy limit)
1. n← arg max
1≤j≤N
ej(bj) (assign index of maximum energy saving)
2. S ← S − en(bn) (update value of S)
3. bn ← bn − 1 (take away 1 bit/symbol)
ELSE
1. m← arg min
1≤i≤N
ei(bi+1) (assign index of minimum energy required)
2. S ← S + em(bm + 1) (Update value of S)
3. bm ← bm + 1 (add 1 bit/symbol)
2.6 OFDM for Optical Communications
For the reasons outlined in this chapter, OFDM has recently become of great interest to the
optical communications research community. Access, Metro and Core networks employing
OFDM have all been proposed [40–42] and due to this variation in system implementation
many ‘flavours’ of optical OFDM systems have evolved. However, the vast majority of
proposed OFDM systems employ digital OFDM generation.
Figure 2.13 shows the basic building blocks of a digital OFDM transmitter which are re-
quired for all systems employing digital generation. Also shown is digital I/Q modulation
onto an RF subcarrier which is required for optical systems where the optical phase is not
modulated, i.e. mixing the real and imaginary components of the complex valued output
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Figure 2.13: Electrical RF OFDM transmitter.
OFDM signal with the in–phase and quadrature components of an RF carrier. This produces
a ‘real’ OFDM signal centred at the RF carrier frequency. An alternative to this technique is
to arrange the QAM inputs to the IFFT to construct either a Hilbert transform (generating a
real signal valued offset from baseband) or Hermettian symmetry (generating a real valued
signal around baseband) [43]. Figure 2.14 shows the associated receiver consisting of an
ADC, digital I/Q demodulator (using an RF Local Oscillator) and digital OFDM reception.
It is worth noting that I/Q (de)modulation can also be carried out in the analogue domain
where high RF carrier frequencies are required.
Although proposed optical OFDM systems architectures vary greatly, they can be broken
down into three broad categories. Opto–Electrical OFDM, Coherent OFDM and All–
Optical OFDM.
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Figure 2.14: Electrical RF OFDM receiver.
2.6.1 Opto–Electrical OFDM
Opto–Electrical OFDM involves the modulation of a ‘real’ valued electrical OFDM signal
onto an optical carrier. This can be achieved by driving a laser diode directly (as shown in
figure 2.15), driving a single armed MZM or using the OFDM signal and its complement to
drive a DD–MZM. In all cases the phase of the optical carrier is not modulated and so direct
detection can be employed at the receiver. Either RF I/Q (de)modulation or the associated
Hilbert transform/Hermettian symmetric IFFT are used to generate a real valued output and
so the RF OFDM transmitter and receiver blocks shown in figure 2.15 consist of all the
components shown in figures 2.13 and 2.14 respectively. Due to the low complexity and
facilitation of the use of direct detection, optical OFDM systems employing this type of
architecture are typically proposed for use in Access networks (mainly as PONs) [44] or
sometimes for cost–effective long–haul applications [45].
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Figure 2.15: Electrical OFDM modulation onto an optical carrier.
2.6.2 Coherent Optical OFDM
In Coherent Optical OFDM the real and imaginary components of the output OFDM signal
are used to modulate both the amplitude and phase of an optical carrier. Digital OFDM
generation is employed, but rather than RF mixing, the complex baseband OFDM signal
is used to drive an optical I/Q modulator as shown in figure 2.16. In order to retrieve both
the optical amplitude and phase information, an optical Coherent Receiver (Co. Rx.) must
be used. These types of receivers require that the in–phase and quadrature components of
an optical Local Oscillator (LO) (with a known phase relationship to the transmitter optical
source) beat with the received signal before being detected by a series of photo–detectors.
Although very high data throughput can be achieved, due to the increased amount of optical
components used and the complexity associated in dealing with optical phase tracking/lock-
ing at the receiver [46], coherent Optical OFDM systems are typically proposed for Metro
and Core applications [47]. Nevertheless, UdWDM schemes employing coherent detection,
both at the OLT and the ONU, have been proposed for access networks. This would allow
for excellent receiver sensitivity and close optical carrier spacings [48].
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Figure 2.16: Coherent Optical OFDM.
2.6.3 All–Optical OFDM
Unlike the previous two architectures, All–Optical OFDM does not use digital OFDM gen-
eration or reception. In order to overcome electronic bandwidth limitations, some systems
have been proposed which implement IFFT and FFT functionalty in the optical domain.
The types of All–Optical OFDM systems proposed so far [10, 49, 50] differ greatly, but all
have some characteristics in common.
Figure 2.17 shows phase and amplitude modulation of discrete laser sources by complex
electrical QAM signals. Here each optical source is considered to be an OFDM subcarrier
and as such the QAM symbol rate on each is set to equal the constant frequency separation
between each adjacent optical source in order to satisfy the orthogonality condition. Fur-
thermore, a phase correlation (known as coherence) is required between all of the optical
subcarriers so as to mitigate cross talk between optical subcarriers [51]. To help to achieve
this condition a ‘comb’ of optical carriers generated by a single laser diode (known as an
optical comb source) can be used [52]. As all carriers come from the same laser cavity,
they have an inherent phase correlation or coherence. After the optical OFDM subcarri-
ers are generated, they are then aggregated by an optical passive combiner and transmitted
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through the channel. Again, as both the phase and amplitude of the QAM modulated optical
subcarriers need to be retrieved, coherent detection is required after passive splitting. FFT–
like optical processing at the receiver is typically achieved using a combination of optical
splitter, delay lines and phase shifters [53].
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Figure 2.17: All optical OFDM.
The cost of so many optical components, coupled with the complexity associated with gen-
erating coherent optical subcarriers and coherent reception, means that All–Optical OFDM
has only been considered so far as a viable option for ultra high bit rate long–haul optical
communications known as optical super channels. Recently, the highest bit rate optical su-
per channel ever experimentally demonstrated was presented in [10]. In this paper the au-
thors use a form of All–Optical OFDM to achieve a data rate of 26Tb/s, employing matched
symbol rates/subcarrier spacing with a passive optical combiner at the transmitter and op-
tical splitters and cascaded delay interferometers at the receiver in order to synthesise an
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optical receiver FFT.
2.7 OFDM for Optical Access Networks
2.7.1 Electronic Implementation
OFDM’s inherent implementation in the digital domain allows for excellent flexibility with
regard to the allocation of network resources. This will be an important part of managing
NG-PONs and the fact that is can be handled electronically is a major advantage. Section
2.5 shows how the power and bit loading of each subcarrier can be achieved electronically
so as to maximise efficiency given a finite allowable transmit power. Furthermore, the exist-
ence of large numbers of subcarriers provides a platform for dynamic bandwidth allocation,
again maximising the use of the available bandwidth dependent on the users’ needs.
2.7.2 Drawbacks
2.7.2.1 PAPR Induced Limitations
OFDM does exhibit some drawbacks which can impact on its performance in a PON config-
uration. Section 2.4 describes OFDM’s large PAPR. Aside from impacting on performance
in terms of ADC/DAC quantisation, high PAPR also leads to a small signal power and high
carrier power in intensity modulated systems. Low signal power is undesirable in access
networks as it limits reach/splitter ratio in the PON. A common way of overcoming this
issue is to use an optical filter at the OLT to suppress one OFDM sideband and the optical
carrier befire the signal is amplified by an EDFA. Another method which leads to greater
OFDM signal power is that presented in [54]. It uses and complex modulator (biased close
to its null point) to modulate the OFDM signal onto the optical field. A virtual carrier, off-
set from the OFDM data is added by coupling a RF sinusoid with the OFDM data before
modulation onto the optical carrier. This method relies in the beating of the OFDM data
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and the virtual carrier at the receiver photodiode in order to recover the phase information.
A consequence of the large signal power attained by using this method is the high levels
of signal x signal mixing which occurs at the photodiode. This is known as Optical Beat
Interference (OBI) and leads to unwanted products close to DC. A frequency guard band
must be used to avoid these products, reducing spectral efficiency.
2.7.2.2 Frequency Offset and Timing Errors
Another drawback associated with OFDM is its intolerance to frequency and timing errors.
Due to the strict requirements for orthogonality, a small timing or frequency error in the
received signal can lead to incorrect demodulation and subsequent loss of orthogonality.
This issue has long been investigated in the RF world and many approaches have been
taken to address this issue. A common method used to estimate frequency offset and timing
errors is the Schmidl and Cox algorithm [55] which is based on the correlation of known
training sequences within the OFDM frame.
2.7.3 Rayleigh Backscattering
Rayleigh Backscattering (RB) in optical fibres refers to the reflection, or scattering, of a
light signal back to the direction from which it came. It is caused by the interaction with
another light signal travelling in the opposite direction in the fibre. As PONs will have
both downstream and upstream transmission over the same optical fibre, RB can be a ma-
jor impairment to system performance. This problem is experienced for all modulation
formats but, due to its potential for implementation in future PONs, OFDMs performance
in the presence of RB has been investigated and quantified in a PON scenario [56] where it
is found to exhibit similar performance to NRZ light signals which have experienced RB.
Many techniques have been proposed to mitigate the effects of RB, particularly in WDM
based PON solutions where many wavelengths are transmitted in the upstream and down-
stream direction. These methods include the use of new advanced modulation formats,
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modulator phase or bias-current dithering and wavelength shifting at the ONU [57].
2.7.4 Fast OFDM
Fast OFDM is a variant of OFDM proposed in [58] which is computationally less complex
than regular OFDM (by its use of a Inverse Discrete Cosine Transform (IDCT) rather than
an IFFT) and so could be suitable for implementation in access networks. It achieves a
subcarrier spacing equal to half of the symbol rate at the expense of the use of the subcarrier
phase for modulation. This means that although subcarriers can be packed twice at tightly
as regular OFDM, only amplitude modulation formats can be used on each subcarrier. For
this reason Fast OFDM is not considered in the experiments presented in the following
chapters.
2.8 Conclusion
OFDM is shown to be a highly spectrally efficient modulation format. This property has
aided its adoption in many of today’s radio standards. Through the use of a Cyclic Prefix,
OFDM facilitates the construction of a simple maximum likelihood equaliser in the fre-
quency domain which provides an effective means for overcoming linear channel impair-
ments including, importantly from the point of view of optical communications, chromatic
dispersion. It is this property in particular which has lead to much research into OFDM as
a modulation format in practically all facets of optical communications systems; from short
reach Plastic–Optical–Fibre applications to All–Optical OFDM superchannels.
OFDM is particularly attractive for use in optical access networks as it allows for high data
rate transmission despite the limited bandwidth of cost effective components, while also
providing a platform for network reconfigurability through digital bit/power loading or user
assignment of individual OFDM subcarriers. Drawbacks associated with OFDM include
its relatively high PAPR, resulting from the summation of OFDM subcarriers. For systems
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employing intensity modulation at the transmitter, more commonly associated with access
networks, this limits both optical reach and the number of potential users. Nevertheless,
OFDM has been shown to be a realistic option for providing 10+Gb/s speeds required for
next generation access networks and this is demonstrated in the following chapters which
present experimental demonstrations of OFDM’s use in such system configurations.
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Chapter 3
Optical Injection with OFDM
3.1 Introduction
As discussed in Chapter 2, in any OFDM system information about the transmission chan-
nel is ascertained by means of a known transmitted training sequence which contains all
subcarrier frequencies. The training sequence along with the cyclic prefix (CP), which
ensures a full copy of each subcarrier is obtained at the receiver (thereby maintaining or-
thogonality), allows channel estimation and equalization at the receiver. This is because the
effect of any linear impairments introduced by the channel (most importantly dispersion) on
any subcarrier frequency can be estimated by analysing the received training sequence. The
subsequent data carrying portion of each subcarrier is adjusted accordingly by applying the
resultant equaliser as described in section 2.2.4. However, this equalization method cannot
be applied to compensate for nonlinear distortions as the loss of subcarrier orthogonality
due to the nonlinear nature of the channel occurs before the signal is downconverted to
the electrical domain by photodetection, resulting in Inter Symbol (i.e. subcarrier) Interfer-
ence [1].
In many aspects OFDM lends itself well to adaptation in optical communications, but this
susceptibility to nonlinear distortion can be problematic as many optical components may
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introduce nonlinear distortion depending on their operating conditions. In this chapter
OFDM PONs employing direct modulation are proposed. The limitations posed by the
nonlinearity of the directly modulated laser, as well as its reduction by optical injection are
investigated both by simulation and experimental work.
3.2 Laser Diode Nonlinearity
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Figure 3.1: Typical modulation response of a laser diode.
Direct modulation of a laser diode can be employed to construct a cost effective optical
transmitter suitable for optical access networks such as PONs as discussed in section 1.5.1.
Although this technique offers many advantages over external modulation, a major draw-
back is the presence of nonlinearities which are introduced when direct modulation of the
diode by the driving data signal is employed [2]. For OFDM systems in particular this
nonlinearity can introduce a performance limitation and limit useable bandwidth.
When directly modulating a laser, nonlinear interactions between the carriers and the photons
in the laser cavity occur [3]. This gives rise to nonlinear operation at certain frequencies.
This nonlinear range of operation is indicated by a resonant peak, or relaxation oscillation,
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in the laser’s modulation response [4]. Figure 3.1 shows the resonant peak of a typical mod-
ulation response indicating a region of nonlinear operation at frequencies around the peak.
It is important to note that this resonant peak merely provides an indication as to what fre-
quencies the nonlinear interaction of the photons and carriers in the cavity is affecting. That
is to say that, the nonlinear process is the interaction between the photons and the carriers
within the cavity and not the shaping of the OFDM signal by the modulation response (this
is a linear process affecting signal amplitudes at various frequencies and can be corrected
by channel estimation/EQ).
3.2.1 Intermodulation Distortion
Distortion can be linear or nonlinear. As discussed in chapter 2, OFDM’s use of Training
sequences and channel EQ (facilitated by the inclusion of a CP) can be used to overcome
linear distortions such as chromatic dispersion, which alter the amplitude and/or the phase
of the transmitted signal. Nonlinear distortion generates new unwanted frequency compon-
ents leading to ISI and loss of orthogonality of OFDM subcarriers [5]. Nonlinear distortion
can be further broken down into Harmonic distortion and Intermodulation Distortion (IMD).
Harmonic distortion refers to the case where new frequency components are generated at
integer multiples of the original frequencies caused by the self mixing of those frequencies
due to nonlinearity. For higher frequency OFDM subcarriers, Harmonic distortion usually
occurs out of band and so can be easily dealt with by low pass filtering. However the har-
monics generated by the Harmonic Distortion of lower frequency OFDM subcarriers can
occur in band, degrading performance. A simple case of two sinusoids with frequencies f1
and f2 is shown in figure 3.2.
IMD refers to new components generated at the sum and difference of integer multiples of
the transmitted frequencies and so do not occur at harmonic frequencies i.e. |nf1 ±mf2|
where n,m  Z and n,m > 0. The Intermodulation order is given by the sum of the
coefficients n and m. For example, for the IMD shown in figure 3.2, n = 1 and m = 2
so this is referred to as third order intermodulation distortion (IMD3). Generally, only
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odd–ordered IMD is considered as these components lie close to the original frequencies.
Even–ordered IMD products, like harmonic distortion, mostly lie out of band and can be
dealt with by filtering.
As OFDM signals have many closely spaced subcarriers, generally of equal powers, IMD
caused by directly modulating in the region of nonlinear operation of a laser diode results
in the generation of large amounts of unwanted frequency components within the OFDM
frequency band. A solution to this problem is to employ optical injection to extend the
range of linear operation.
1 2 2 11 2 1 2
Figure 3.2: Intermodulation and harmonic distortion.
3.2.2 Optical Injection
Optical Injection is the coupling of light from a laser diode back into its own cavity or into
the cavity of another laser. As early as 1980 it was shown in [6] that by coupling a portion
of the output light from a semiconductor laser diode back into the laser’s cavity using an
external reflector, several device characteristics can be altered. These included an increase
in modulation response bandwidth and the ‘enhancement’ of the resonant peak. It has also
been shown that these effects can be achieved by coupling light from an external laser into
the cavity of the another laser (master–slave configuration) [7]. External optical injection
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allows for the master and slave lasers to have different characteristics and much work has
focused on improving laser characteristics and system performance by choosing optimum
operating conditions of both the master and slave lasers. Meng et, al. [8] first investigated
how the frequency separation between the master and slave lasers’ output (known as the
detuning) impacts the stability of the output wavelength. This work also shows the ex-
tension of the modulation response and resonant peak by up to 3.7 times more than the
free running case. Light injection has also been shown to improve the linewidth of the
slave laser [9]. More recently, external injection has been employed as a means of attain-
ing single mode operation from multimode Fabry–Pe´rot lasers by using them as the slave
device [10, 11]
For direct modulation OFDM systems, which are highly intolerant to nonlinearities, optical
injection can be of great benefit because it extends the system bandwidth limitation imposed
by nonlinearity due to direct modulation. This is achieved by shifting the range of nonlinear
operation to higher frequencies.
3.3 System Simulation
A complete optical OFDM system was simulated in Matlab (see Appendix C). A flow chart
of the system simulation is shown in figure 3.3. Direct modulation of the laser and external
injection were modelled using the laser rate equations, including the injection terms, derived
in [12]. The rate of spontaneous emission, Rsp was not included in the rate equations used
as it is expected that noise in the laser structure will not be responsible for a performance
limitation in this system. Rather non-linearity and receiver shot/thermal noise will dominate
the noise characteristics of the system. Additionally, as direct detection is being employed,
laser phase noise is not expected to exert a major impact on system performance. Sample
simulated laser device parameters [13] are presented in table 3.1 and were used in initial
simulations, along with the driving electrical OFDM signal, to solve the extended laser
rate equations with injection terms. As shown in the table, the injected photon density is
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5× 1021cm−3 which corresponds to an optical injection power of 1.5dBm.
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RF 
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Receiver
(PIN)
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Direct Modulation
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RF 
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OFDM Signal 
Generation
(IFFT)
EVM/BER
Distance = 
Propagation 
length?
No
Yes
Figure 3.3: Direct modulation simulation flow chart.
The parameters in table 3.1 may be altered so as to model optical transmitters employing
different lasers. Simulation results presented alongside experimental results in the following
sections were all attained using the model described in this section. Although characterisa-
tion of some of the devices used in this chapter are available, some important parameters
(such as the coupling coefficient κ, optical confinement factor Γ and linewidth enhance-
ment factor α) are not available at the time of writing. In such cases, the unknown paramet-
ers were altered so as to provide a similar modulation response and relaxation oscillation
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frequency to that obtained from the physical device. For this reason, simulation results
shown were used to indicate the underlying trend (of improvement due to reduction in non-
linearity) rather than to give a precise result given the laser structure being employed.
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Figure 3.4: Simulated modulation response under non-injected and injected conditions.
The effects introduced by propagating over standard single mode fibre (SMF-28), namely
nonlinearity, dispersion and loss, were simulated by modelling the propagation of the elec-
tric field through the fibre using the nonlinear Schro¨dinger equation (NLSE). The equation
was solved using the split step Fourier method for a number of steps over a given trans-
mission distance. First and second order terms only were included in the calculation of
dispersion.
The modelled receiver comprised of a 10GHz bandwidth PIN photodetector with an in-
tegrated trans-impedance amplifier (TIA), including shot noise and thermal noise associ-
ated with such receivers, a digital RF mixer, low pass filtering and digital signal processing
(DSP) normally associated with OFDM systems. This includes serial to parallel conversion,
FFT, channel estimation and equalisation, and EVM measurement. Results were taken for
both the injected and non–injected cases. In the latter case the injection level was set to zero.
The modulation responses of the modelled laser under non–injected and injected conditions
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Table 3.1: Sample simulated laser parameters.
Parameter Value
Wavelength, λ 1540nm
Group Refractive Index, η 3.63
Optical Confinement Factor, Γ 0.35
Differential Gain Coefficient, g0 1× 10−12cm2
Transparency Density, n0 1× 1018cm−3
Facet Reflectivity Coefficient, R 0.32
Linewidth Enhancement Factor, α 6.8
Area of Active Region, A 0.03× 10−12m2
Photon Lifetime, τp 2ps
Carrier Lifetime, τn 0.3ns
Injected Photon Density, P0 5× 1021cm−3
Coupling Coefficient, κ 2.5× 1011s−1
Detuning, ∆f 5GHz
are shown in figure 3.4.
3.4 External Optical Injection
3.4.1 Experimental Setup
Two 10Gb/s OFDM signals were generated in order to compare performance in the system
under test – (i) a more spectrally efficient signal with 64–QAM on each subcarrier and (ii)
a broader bandwidth signal with 32–QAM on each subcarrier. Although the 10Gb/s 32–
QAM signal requires more bandwidth, its SNR requirement for acceptable performance is
reduced due to its reduced modulation order.
The real and imaginary components of these complex baseband signals were then digitally
mixed with the In-Phase (I) and Quadrature (Q) components of an RF carrier to give ‘real’
valued OFDM signals centred on a given RF frequency above DC. A CP of 6.25% and
OFDM symbol rate of 39.06MHz were used. The bandwidths of the 32 and 64–QAM
signals were 2.265GHz and 1.916GHz respectively. One OFDM symbol (0.7% of the entire
OFDM signal) was set to be the training sequence so as to facilitate channel estimation and
equalization at the receiver. These overheads along with 0.7Gb/s, reserved for Forward
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Figure 3.5: The direct modulation optical OFDM experimental setup.
Error Correction (FEC), meant that the raw data rate was 11.395Gb/s. The experiment was
performed for the back to back case and also over 12km of SSMF, with and without optical
injection of a single mode laser.
As figure 3.5 shows, the OFDM signals were output from a 10GSa/s Arbitrary Waveform
Generator (AWG). The slave laser’s threshold current was 10mA and for this experiment
was biased at 21mA, giving a 3dB bandwidth of about 5GHz and optical output power of
0dBm. The slave emitted light at 1540nm. By mixing the 32 and 64–QAM OFDM sig-
nals with intermediate RF frequencies of 2.867GHz and 3.043GHz respectively, the highest
frequency subcarrier in each case was placed at 4GHz, which was inside the slave laser’s
region of nonlinear operation under non–injected conditions. Using an optical circulator
and polarization controller, light from the master laser – a tunable External Cavity Laser
(ECL) – was coupled into the cavity of the slave laser. The injected optical power was kept
constant at 2.8dBm throughout (measured at circulator port 2). The master was tuned to
1540.05nm and this corresponds to a detuning of roughly 5GHz, which is well within the
locking range for this injection power.
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The signals were detected using a 10GHz bandwidth PIN photodetector with an integrated
TIA and captured with a Real Time Oscilloscope (RTS). The addition of the EDFA and
optical bandpass filter at the receiver provided the necessary sensitivity to allow BER versus
received power curves to be measured. All processing, including BER measurement, was
completed offline using Matlab. Measurements of EVM from the received constellations
were taken for both the injected and non–injected cases.
Table 3.2: Average EVM for received constellations and the improvements due to injection.
Sim./Exp. Order Non-Injected Injected Improvement
(Simulated - 0km) 32-QAM 6.96% 5.15% 1.81%
64-QAM 7.56% 5.02% 2.54%
(Simulated - 12km) 32-QAM 7.9% 6.% 1.9%
64-QAM 7.89% 5.09% 2.8%
(Experimental - 0km) 32-QAM 7.62% 6.07% 1.55%
64-QAM 7.95% 6.3% 1.65%
(Experimental - 12km) 32-QAM 8.32% 7.28% 1.04%
64-QAM 8.77% 6.9% 1.87%
3.4.2 Results and Discussion
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Figure 3.6: Experimental log10(BER) vs. Received optical power, under non-injection and
injection conditions.
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Table 3.2 summarises the simulated and experimental results. Strong agreement exists
between the simulated and experimental improvement in EVM. Figure 3.6 shows the exper-
imental BER versus received optical power for the back to back and 12km cases, injected
and non–injected. It can be seen in figure 3.6, for both back to back and 12km scenarios,
that the injection enhances the system performance by eliminating the BER floor which
appears in the non–injected cases at values close to 10−3. The fact that there appears to be
less of an improvement due to injection after transmission over 12km is attributed to the
performance being limited by dispersive fading introduced by the fibre. Figure 3.7 shows
the average value of EVM per subcarrier number for the 32–QAM OFDM signal for both
regimes; experimental (a) and simulated (b). The effect incurred by modulating close to
the resonant peak of the laser and the subsequent improvement on each subcarrier due to
injection can clearly be seen in the figure. Average EVM increases with subcarrier number
as the subcarrier frequencies increase to within the laser’s region of nonlinear operation, but
this effect is greatly reduced by the injection; in this case only a small rise in average EVM
is observed due to the extension of the laser’s linear range.
The relationship between BER and EVM depends upon constellation size. This is intuitive
when one considers the improvement in SNR required when moving to higher order QAM.
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Figure 3.7: Experimental (a) and simulated (b) EVM per subcarrier under both conditions.
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Table 3.3 tabulates the experimentally measured BER of the signals under both conditions.
These performances were achieved at a received optical power of -3.5dBm (back to back)
and -5.5dBm (12km). The results indicate that external optical injection can improve the
Table 3.3: BER for all cases (experimental).
Order Non-Injected Injected
(back to back)
32-QAM 2.85× 10−4 1.91× 10−5
64-QAM 4× 10−3 7.2× 10−4
(12km)
32-QAM 7.9× 10−4 8.5× 10−5
64-QAM 8.4× 10−3 1.7× 10−3
performance of a direct modulation OFDM system and extend the usable bandwidth for the
modulating OFDM signals. This is particularly important in the case of cost effective direct
modulation systems where moderate bandwidth lasers are employed. It can also potentially
enhance system performance in directly modulated OFDM systems operating well beyond
10Gb/s by reducing nonlinearities.
3.5 Optical Injection with Monolithically Integrated Lasers
3.5.1 Monolithically Integrated Device
The experiment and results described in sections 3.4.1 and 3.4.2 give an indication as to the
level of performance enhancement that can be attained by employing external optical injec-
tion. However, the components that were used to carry out this technique are expensive; in
particular the ECL and polarization controller. Since this technique is being discussed in
the context of cost efficient optical access networks, it is imperative that cost is kept to a
minimum. The work described in this section was carried out using two low cost Discrete
Mode (DM) lasers which are monolithically integrated (figure 3.8). The lasers are manu-
factured using slotted ridge waveguide technology which uses the arrangement of etched
slots on a FP laser ridge waveguide to suppress all but one of its many modes, thus achiev-
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ing a single mode output [14]. The laser has a ridge width of 2.5µm. Its cavity is 700µm
long and is divided into two sections (400µm and 300µm). The etched trench separat-
ing the two sections was 2µm wide. The integration of these devices makes the injection
technique feasible for cost efficient optical communications systems by reducing cost and
footprint over transmitters which employ external modulators and also renders the system
polarization independent.
Figure 3.8: Integrated laser device.
The modulation response of the integrated device under both non-injected and injected con-
ditions (shown later in this chapter), as well as the non-linearity introduced by direct mod-
ulation will clearly be the limiting factors for a direct detection OFDM system. However
many other aspects of this device have been characterised in [15] and some of these results
are presented in appendix D. Linewidth measurements for the device are not included as it
is not expected that this parameter will impact on the performance of the direct detection
scheme proposed.
3.5.2 Experimental Setup
The revised experimental setup is shown in figure 3.9. The threshold current of the slave
laser is 20mA while the threshold of the master is 12mA and biasing was set to 1.5 times
and twice the threshold of the master and slave respectively. Detuning was +10GHz when
the master section of the device was biased at 24mA. The optical launch power increased
from 3.7dBm to -1dBm when both master and slave are biased.
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Figure 3.9: OFDM with integrated optical injection system setup.
Both regular OFDM signals (with the same level of modulation on each carrier) as well as
adaptive OFDM signals were output from a 10GSa/s Tektronix AWG giving an available
bandwidth of 5GHz due to the Nyquist criterion. The signals were used to drive the slave
section of the device after a bias of 30mA had been added. The optical signal was then
transmitted over different lengths of SSMF before being attenuated to an appropriate level
for detection by a VOA. An Avalanche Photodetector (APD) with an integrated TIA was
used for signal detection. The electrical signal was captured using an Agilent RTS also
operating at 10GSa/s. Signal processing, such as channel estimation, EQ, EVM and BER
measurement was completed offline.
Regular 10Gb/s OFDM signals were generated with 16–QAM on all subcarriers. From
a 256 input IFFT, 74 subcarriers were used to carry data, with a spacing of 39.06MHz,
giving a signal bandwidth of about 3GHz. In this case the real and imaginary components
of the complex OFDM signal were mixed with a 1.7GHz cosine and sine wave respectively
in order to generate a ‘real’ signal for direct modulation. Again, 7% data overhead was
reserved for FEC and 6.25% for CP, giving a raw data rate of 11.56Gb/s. The OFDM
spectrum is shown in figure 3.10a.
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The LC algorithm described in section 2.5 was used to generate the AM–OFDM signals.
A 256 IFFT was used with a subcarrier spacing of 39.06MHz. The number of subcarries
used, their respective power levels, and the constellation sizes are determined for each sys-
tem configuration by use of the LC algorithm. Individual subcarrier SNRs were determined
by the use of an OFDM pilot signal with 16–QAM on each subcarrier. Typically, 100 sub-
carriers were used, yielding a signal bandwidth of 3.9GHz and a PAPR of 12dB; however,
this varied slightly depending on the specifics of the system under test. A CP of 6.25% and
FEC of 7% were used for all signals. A typical bit/power loaded AM–OFDM spectrum is
shown in figure 3.10b.
3.5.3 Results and Discussion
3.5.3.1 Reduction of Non–linearity
Figure 3.11 shows the modulation responses of the integrated laser device under non–
injected and injected conditions. With injection, the resonant peak value moves from
2.58GHz to 4.27GHz, indicating the expansion of the linear range of operation. This ex-
pansion of the linear region of operation by injection can be attained for high and low
0 1 2 3 4 5
-60
-50
-40
-30
-20
-10
0
Frequency (GHz)
N
or
m
. P
ow
er
 (d
B
)
(a)
0 1 2 3 4 5
-60
-50
-40
-30
-20
-10
0
Frequency (GHz)
N
or
m
. P
ow
er
 (d
B
)
(b)
Figure 3.10: 10Gb/s (a) and Adaptive (b) OFDM spectra.
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Figure 3.11: The modulation responses of the integrated device with and without optical
injection.
bandwidth lasers and is not limited to integrated devices. However, the use of low cost,
moderate bandwidth DM lasers with integration improves cost effectiveness and makes this
approach especially attractive for low cost optical communication systems.
Figure 3.12 shows the superimposed results of two tone tests performed on the device for
injection and non–injection conditions. The test was performed at a centre frequency of
3GHz and the Optical Modulation Index (OMI) was 75%. The slave section is directly
modulated with two tones and the output optical signal is detected and then recorded while
the slave alone is lasing, and also while both the master and slave are biased to achieve
optical injection. By showing the level of the IMD3 in the received signal, the test provides
an indication of the level of nonlinearity introduced to the system by direct modulation.
By performing this test for both operating conditions, the reduction in nonlinearity due to
optical injection can be estimated. Shown in Fig. 3.12 is a decrease of 10dB, from -15dB to
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Figure 3.12: Two tone test at 3GHz for the integrated discrete mode device.
-25dB, in IMD3 when optical injection is employed. The tone spacing is set to the OFDM
subcarrier spacing used for transmission: 39.06MHz.
3.5.3.2 10Gb/s OFDM
Table 3.4 summarises the performance in terms of BER of the system, as well as showing
the system improvement attained by employing injection. All measurements were taken
at a received optical power of -17dBm. Higher optical powers resulted in saturation of the
APD receiver. Improvements due to optical injection are reduced as dispersive effects begin
to dominate system performance with increased length. Dispersive fading in the fibre due
to the double side band nature of the signal becomes evident after 50km transmission and
this can degrade performance [16]. This effect is discussed later in the section.
Figure 3.13 shows the improvement in performance in the back to back and 50km cases
gained by employing optical injection. The difference in receiver sensitivity between the
two injected cases can be attributed to the dispersive fading of the received RF signal which
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Table 3.4: BER of received 10Gb/s OFDM signals.
Distance Non-Injected Injected
0km 1× 10−3 2.1× 10−6
25km 1.3× 10−3 3.76× 10−6
50km 2.4× 10−3 3.25× 10−5
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Figure 3.13: Received optical power vs. log10(BER) for back-to-back and 50km of SSMF.
is evident over 50km of fibre, but not in the back to back scenario. The non–injected cases
display an error floor close to a BER of 1 × 10−3, caused by the non–linear nature of the
channel when injection is not used. By injection, this non-linearity is reduced and the error
floor is improved with the system no longer being limited by non–linearity, but rather by
receiver saturation.
3.5.3.3 AM–OFDM
Table 3.5 presents experimental and simulated raw data rates that can be achieved while
maintaining a BER of 1×10−3. Simulations were undertaken using the model described in
3.3. The actual data rates, taking into account the CP (6.25%) and forward error correction
(FEC) (7%) overheads, are given in brackets. Also shown is the percentage improvement
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in terms of data rate. The experimental rates were achieved for a received optical power
of -17dBm giving an optical power budget of 13.3dB and 16dB in the non–injected and
injected cases respectively. Again, higher optical power resulted in the saturation of the
receiver.
In all cases a significant improvement in achievable data rate is evident after optical injec-
tion and this is matched in the simulated results. As transmission distances are increased the
improvements are lessened due to the double sideband nature of the signal which results in
dispersive fading over longer lengths of fibre [17]. As dispersive fading begins to dominate
system performance, the relative improvement gained by injection becomes less evident.
Table 3.5: Increase in bit rate gained by optical injection.
Distance (km) Non-Injected(Gb/s) Injected(Gb/s) Improvement
(Simulated)
0 14.1 (12.45) 17.578 (15.52) 25%
25 12.227 (10.8) 16 (14.13) 31%
50 11.6 (10.24) 14.12 (12.47) 22%
(Experimental)
0 13.359 (11.8) 17.54 (15.49) 31%
25 12.109 (10.69) 15.76 (13.86) 30%
50 11.914 (10.52) 13.9 (12.27) 17%
Figure 3.14a and 3.14b show the experimental and simulated EVM per subcarrier over
25km of SSMF for both operating conditions respectively. When the slave section alone is
lasing the EVM increases rapidly up to as high as 24% as the subcarrier frequencies rise to
within the nonliner region of operation of the device. This rise in EVM with frequency is
stemmed when optical injection is employed. As the linear region of operation is expanded,
the rise in EVM is greatly reduced; this is clear from both the experimental and simulated
measurements.
Figure 3.15 shows the experimental bit/power distribution assigned by the LC algorithm,
again for both operating conditions, when the transmission distance is 25km. The effect of
directly modulating data within the nonlinear region of the device is evident as the num-
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ber of bits per QAM symbol (effective bit/power loading) reduces to QPSK at the upper
subcarriers in the non–injected case. A decrease is also evident in the injected case, but
it is not as drastic, eventually reducing from six bits per QAM symbol (64–QAM) to four
(16–QAM).
When assigning a bit distribution, the LC algorithm calculates incremental energies re-
quired on each subcarrier to move to different QAM orders based on information about the
channel (measured SNR on each subcarrier) as described in section 2.5. A problem arises
when subcarriers interact, as is the case in a nonlinear channel. Initially, a pilot signal with
16–QAM is propagated and the SNR measured for each subcarrier includes the noise con-
tribution due to subcarrier mixing caused by nonlinearity (IMD). However, when the bit
distribution is updated by the LC algorithm the effect is to power load different subcarriers,
or in some cases to drop subcarriers completely, according to their individual SNRs. Thus
in the presence of nonlinearity these power/bit loaded subcarriers will not interact in exactly
the same way as indicated by the pilot signal. If follows that the bit distribution given by the
LC algorithm may not be the optimum one for multicarrier signals in a nonlinear channel.
However, it provides a good approximation and facilitates a large increase in throughout
compared to regular non–adaptive OFDM.
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Figure 3.14: Experimental (a) and simulated (b) EVM per subcarrier under both conditions.
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Figure 3.15: Adaptive modulation bit and power loading for non-injected (a) and injected
(b) cases.
3.5.3.4 Dispersive Fading
Dispersive fading occurs due to the double side band nature of the signal and can degrade
performance [16]. For double sideband optical OFDM each subcarrier is represented by
two optical frequencies which are subjected to different amounts of dispersion as a result
of being transmitted through the optical channel. The subsequent phase difference between
the two sets of equal amplitude subcarriers means that destructive interference can occur at
certain subcarrier frequencies, giving rise to deep fades within the OFDM signal spectrum
[18]. Figures 3.16a and 3.16b show the received OFDM spectra, under injection conditions,
over 25km and 50km respectively. The effect of dispersive fading is more evident over
50km as higher frequency powers are reduced to close to 10dB below the maximum at
higher frequencies.
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Figure 3.16: Received OFDM spectra after 25km (a) and 50km (b) transmission.
3.6 Conclusion
Due to its cost effectiveness, and high spectral efficiency, direct modulation optical OFDM
is a promising technology for use in next generation optical access networks. It has been
shown experimentally, and by simulation, that the use of external optical injection can im-
prove the performance of these systems by reducing non–linearity. Furthermore, it has been
demonstrated that the use of optical injection with integrated DM lasers, which is shown to
reduce IMD3 by up to 10dB, can also be used to overcome non–linear limitations imposed
by the properties of the modulating laser. Results presented in this chapter show how adapt-
ive power/bit loading of OFDM subcarriers by the Levin–Campello algorithm can be used
to maximise throughput within the moderate bandwidths afforded in direct modulation sys-
tems, with up to 17.54Gb/s raw data rate being achieved when injection is used. Moreover,
it is shown that AM–OFDM signals can be easily re–adjusted to further increase throughput
given the bandwidth expansion and reduction in non–linearity which is achieved through
the use of optical injection.
Expanding the linear range of operation of a directly modulated laser by optical injection is
a technique which can improve the performance of direct modulation OFDM systems em-
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ploying all laser transmitters. The integration of two DM lasers operating in master–slave
configuration makes this technique feasible for use in low cost optical OFDM communica-
tion systems because of its small size and cost.
The direct modulation OFDM systems discussed in this chapter include the use of fixed
wavelength lasers as transmitters in access configurations. Wavelength tuneable lasers will
be a key feature of transmitters in future reconfigurable optical networks. Until recently,
their use has been restricted to long haul applications due to their cost. The next chapter
will explore the use of direct modulation OFDM with tuneable lasers which are suitable for
implementation in future optical access networks.
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Chapter 4
Tuneable Lasers with OFDM
4.1 Introduction
Wavelength Division Multiplexing (WDM) can be used to increase system capacity and
is currently deployed in core and metro networks as outlined in section 1.2. State-of-the-
art access network protocols such as EPON (IEEE 802.3ah) and GPON(ITU-T G.984) are
based on Time Division Multiplexing (TDM) and use two wavelengths, each designated
for either upstream or downstream transmission. The downstream optical carrier is shared
among all of the subscribers by means of a passive splitter. Although these types of net-
works make use of the large bandwidths available in optical fibres, they are limited in terms
of scalability due to their single channel downstream operation. The number of ONUs in
the network is limited due to signal attenuation introduced by the passive splitter, and data
rates are limited to that which can be provided on a single channel.
WDM overcomes these limitations as it supports both the upstream and downstream trans-
mission of multiple wavelengths over the same fibre infrastructure. As all wavelengths
are routed to individual ONUs by a passive Arrayed Waveguide Grating (AWG), no power
splitting of the individual optical carriers takes place and each ONU may operate up to the
data rate which can be provided on a single channel.
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To date, a lack of demand for such high data rates, coupled with immature and expensive
optical components, have meant that WDM access networks have not been commercialised
[1]. The growing demand for new services such as IPTV and online gaming means that
WDM–PONs will need to be implemented; this will be facilitated by the development of
cost effective tuneable laser transmitters which can be employed both at the OLT and ONU
to provide network flexibility.
This chapter will examine the direct modulation of tuneable lasers with OFDM. This com-
bination of wavelength agile transmitters with the high spectral efficiency provided by
OFDM can facilitate both the flexibility and data rate required for next generation PONs.
4.2 Tuneable Lasers with PONs
4.2.1 Colourless Operation
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Figure 4.1: Colourless WDM–PON structure.
Figure 4.1 shows a WDM–PON architecture where each ONU has a unique wavelength
designated to it. This type of architecture can also be referred to as Wavelength Division
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Multiple Access (WDMA) [2]. If laser transmitters with a fixed wavelength are employed
throughout the network, each ONU must be wavelength specific (i.e. capable of receiving
or transmitting on one wavelength only). This increases cost as each ONU must be de-
signed independently. Furthermore, flexibility is compromised as upstream transmission
can only ever take place on the same wavelength. Ideally, all ONUs should be identical and
capable of operation on all channels utilised in the network. This reduces manufacturing
costs (provided cost effective tuneable laser diodes can be deployed) and increases the po-
tential for network reconfigurability. This type of operation is known as ’colourless’ as each
ONU is agnostic to its operating wavelength. For colourless operation, it is not essential to
have tuneable lasers at the OLT as shown in figure 4.1. However, doing so allows for any
transceiver module within the OLT (each emitting a different wavelength to one another) to
transmit data to any ONU in the network without the requirement for re–routing at the RN,
thereby introducing another degree of network flexibility.
4.2.2 Architectures
Colourless WDM–PONs can be categorised into two types [3]: (i) self emission and (ii)
wavelength supply.
o A self emission type WDM–PON architecture is show in figure 4.1. Here, each
ONU is equipped with a tuneable laser which is capable of transmitting on several
wavelengths on the grid (typically a CWDM grid [1]). Downstream transmission is
carried out by modulating the light from an array of fixed or tuneable lasers. These
wavelengths are multiplexed for transmission to the RN, where they are then routed
to the corresponding ONUs. In this type of WDM–PON ONUs can transmit and
receive on different wavelengths.
o Wavelength supply type WDM–PONs do not employ independently tuneable lasers
at the ONU. Instead, either the downstream optical carrier is stripped out and re–
modulated using an external modulator or a Reflective SOA (RSOA) [4], or the
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downstream carrier is used as a seed in order to lock a laser diode at the ONU to
the supplied wavelength [5]. Downstream transmission is carried out as in the self
emission case. The nature of this type of architecture requires that all ONUs transmit
and receive on the same wavelength.
4.2.3 Direct Modulation of Tuneable Lasers
Direct modulation of a laser diode is desirable in access networks for the reasons outlined
in section 1.5.1; namely, cost and footprint compared to transmitters employing external
modulators. For these reasons, when proposing the use of tuneable lasers in a WDM–PON
it is important to investigate their suitability for direct modulation. Some tunable lasers such
as External Cavity Lasers (ECLs) provide excellent tunability but are unsuitable for direct
modulation due to their long cavity length. Other devices such as DFB and DM lasers may
be tuned using a combination of temperature and biasing current; however as the biasing
current is varied when direct modulation is employed, the tuning may not remain stable.
The work presented in the following sections shows how direct modulation of a tuneable
laser suitable for use in WDM–PONs may be carried out.
4.3 Discrete Mode Tuneable Laser
The laser device used in the work presented in this chapter was a dual section slotted FP
laser diode. Device details and in depth characterisation can be found in [6]and [7]. The
slots are etched into the top of an otherwise conventional laser ridge waveguide, transform-
ing the multimode spectrum of the FP laser into a very high quality single mode device [8].
Increased tuning range operation of the laser is achieved by optimising the laser’s mirror
reflectivities in each section by employing the Vernier effect to extend the tuning range
associated with the limited refractive index change with current [7]. This device requires
no additional re–growth or processing steps when compared with other tuneable devices,
which minimises the fabrication complexity, thereby increasing wafer yield while reducing
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cost. The device is temperature controlled by a Thermo-Electric Cooler (TEC) and both of
its sections may be biased independently. Wavelength tuning is achieved as single mode
operation (defined as Side Mode Suppression Ratio (SMSR) ≥ 30dB [9]), can be attained
at various wavelengths depending upon the biasing of both sections and temperature condi-
tions. Although the device is not switched quickly in this work, it is capable of a switching
time within the ns range [7]. This could be important parameter in the context of OFDM
systems employing dynamic bandwidth assignment and Medium Access Control (MAC)
protocols. The laser linewidth was not characterised for this device as it is not a critical
parameter for the proposed direct detection scheme.
Figure 4.2: SMSR for all biasing conditions.
4.3.1 Device Characterisation
To ascertain bias conditions for which single mode lasing is achieved, both SMSR and
output wavelength were measured (using an OSA) for a set of bias currents to each section
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Figure 4.3: Output wavelength for all biasing conditions.
ranging from 0 to 80mA in 1mA steps. This process was repeated for various temperatures
ranging from 2.5◦C to 17◦C. Figure 4.2 shows such an SMSR map obtained at a temperature
of 17◦C. It is clear from the map that the number of operating points is limited and many
biasing conditions do not result in single mode operation. This is a feature of this prototype
device. It is hoped that future iterations will increase the number of available modes, while
minimising cost so as to maintain its suitability for optical access networks.
To compute the number of available modes, figure 4.2 must be viewed in tandem with figure
4.3, which is the associated wavelength map for all tested biasing conditions. From figure
Table 4.1: Single mode lasing at 17◦C.
Ileft(mA) Iright(mA) SMSR (dB) λ(nm)
66 23 37.6 1568
40 32 30.0 1564.5
26 34 30.4 1562.3
15 68 33.7 1569.9
33 80 35.5 1569.9
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Figure 4.4: Available modes at 17◦C. Colours correspond to figure 4.3.
4.2 it can be seen that five areas of high SMSR (≥ 30dB) exist. Observing the corresponding
current conditions on the wavelength map in figure 4.3 shows that two of these current
combinations result in the same output wavelength. Table 4.1 gives the current conditions
which result in high SMSR and corresponding output wavelength. At this temperature four
modes are available for use and the bias setting of [Ileft, Iright] = [15,68]mA is omitted as
it results in a lower SMSR of the output wavelength 1569.9nm compared to the alternative
setting. This process was repeated for various temperatures and the resulting SMSR and
wavelength tuning maps can be found in Appendix E.
For each set of current and temperature conditions which ensured single mode lasing, there
was an associated modulation response for each section. Figure 4.5 shows modulation
responses for three sets of these conditions and the modulation bandwidths achieved are
around 4GHz. In the figure, solid lines represent the modulation responses measured when
the ‘Left’ section was directly modulated and dashed lines giving the associated response
for the ‘Right’ section. The output power of the device varied between -3dBm and -7dBm
depending on biasing and temperature. Poor fibre coupling in the package contributed to
the low output power, with an approximate coupling loss of 6dB. This value is higher than
the typical coupling loss which can be achieved (3dB) and was ascertained by measuring
the output power of the device before and after packaging.
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Figure 4.5: Modulation responses at various bias/temperature settings.
4.4 Direct Modulation OFDM with a Tuneable Laser
4.4.1 Experimental Setup
Figure 4.6 shows the experimental set up with the two sections of the device labelled ‘Left’
and ‘Right’. Firstly, the device under test was characterized by varying the bias current to
both sections as well as the operating temperature while observing the output wavelength,
as described in section 4.3.1. Conditions which ensured single mode operation were noted
and several of these were used for data transmission.
OFDM pilots and transmission signals were created offline using Matlab. The SNR of
each subcarrier was estimated by propagating OFDM pilot signals with 16–QAM on every
subcarrier. The Levin-Campello (LC) bit/power loading algorithm [10] was then used to
calculate the optimal bit distribution across those subcarriers; assigning different constella-
tion sizes to each subcarrier. A 256 input Inverse Fast Fourier Transform (IFFT) was used
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Figure 4.6: Experimental setup for direct modulation of the DM laser with AM–OFDM.
and the subcarrier spacing was set to 39.06MHz. The number of subcarriers, and hence
signal bandwidth, used for each system configuration was determined by the LC algorithm.
Typically, bandwidths were between 3GHz and 4GHz. A CP of 6.25% (this value resulted
in a whole number of transmit samples as well as being sufficiently long to handle any dis-
persion time encountered in the experimental work) was added and 7% of the AM–OFDM
signal was reserved for FEC (allowing BERs of ≤ 1 × 10−3 to result in error free trans-
mission). A real signal was created by modulating the real and imaginary components of
the complex baseband AM–OFDM signal with the In-phase (I) and Quadrature (Q) com-
ponents of an RF carrier respectively. The resultant signal was output from the Digital to
Analogue Converter (DAC) of an AWG sampling at 10GSa/s. Typical PAPR of the AM-
OFDM signals was 12dB.
The AM–OFDM signal was then used to directly modulate one section of the device in
conjunction with a DC bias. The decision to modulate either the left or right side section
depended on which section could be modulated with the largest RF signal before the SMSR
of the optical output was reduced below 30dB. As stated above, optical launch power varied
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Figure 4.7: Modulated/Unmodulated optical spectra at the DM laser output.
depending on the operating conditions. Transmission was carried out over 0km, 25km and
50km of SSMF. Figure 4.7 shows an example mode both unmodulated and modulated with
an OFDM signal. Where necessary, the received optical signal was attenuated by a VOA
to an appropriate level so as to avoid saturation of the APD with an integrated TIA; this
occurred at approximately -12dBm. The received RF signal was captured using a RTS also
sampling at 10GSa/s. Required DSP including channel estimation and equalization as well
as EVM and BER calculation was completed offline.
4.4.2 Results and Discussion
4.4.2.1 Single Mode Operation
Figure 4.8 shows superimposed optical spectra of some of the available modes attained
using a combination of temperature tuning and various biasing settings for each section. The
insets show received 16, 32 and 64-QAM constellation diagrams on selected AM-OFDM
subcarriers after transmission over 25km on the 1560.02nm, 1564.46nm and 1571.72nm
channels respectively. The device is shown to be tuneable from 1557.68nm to 1571.72nm,
giving a tuning range of 14.04nm.
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Figure 4.8: Superimposed available modes spanning the range 1558nm to 1572nm.
4.4.2.2 AM–OFDM
Table 4.2: Received raw data rates for all channels.
λ(nm) 0km(Gb/s) 25km(Gb/s) 50km(Gb/s)
1560.02 21.13 15.80 11.10*
1562.30 15.00 14.68 11.05*
1564.46 17.89 17.40 14.30
1566.66 20.12 16.60 9.26*
1568.00 19.26 17.73 12.30
1569.92 21.52 16.64 11.30
1571.72 18.20 17.18 12.15
Seven modes were selected from across the range of available wavelengths for AM-OFDM
transmission to be performed. Table 4.2 shows the raw data rates achieved for each mode
over all transmission distances while maintaining a BER of 1×10−3. Given that the optical
launch power varied due to differing biasing conditions, that no optical amplification was
used, and that transmission distance varied, the received optical power did not remain con-
stant. This contributes to a decrease in data rates over 25km and 50km compared to the 0km
case as shot and thermal noise at the receiver make a greater contribution to the Signal to
Noise Ratio (SNR) of the lower received power AM-OFDM signals. Nevertheless, greater
than 10Gb/s data rates are displayed on all modes over 0km and 25km and on most modes
over 50km. Data rates marked with an asterix in the 50km column fall short of the required
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raw data rate for 10Gb/s transmission given the CP and FEC overheads needed.
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Figure 4.9: Bits/Symbol and power assigned to each OFDM subcarrier.
Figure 4.9 shows the bit and power loading distributions calculated using the rate adaptive
form of the LC algorithm for the 1569.92nm channel in the back-to-back case and over 25
and 50km. The figure shows that the order of modulation decreases as subcarrier frequen-
cies enter the lasers’ frequency range of non-linear operation. This occurs at frequencies
close to the resonance peak (or relaxation oscillation) of the modulation response and is due
to the non-linear interaction between carriers and photons in the laser cavity [11]. The num-
ber of subcarriers used decreases as transmission distance increases. As stated, in the case
of transmission over 25km the lower received optical power leads to a dis-improvement of
SNR at the receiver. Subsequently, the LC algorithm updates the bit distribution and some
higher frequency subcarriers are dropped due to the new level of power required on those
subcarriers to successfully transmit lower order formats. The power saved by not transmit-
ting these subcarriers is redistributed to maintain successful transmission on other subcarri-
ers and maximise throughput. The net effect is a decrease in throughput from 21.52Gb/s to
16.64Gb/s. This effect is also evident over 50km where a further dis-improvement in SNR,
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coupled with the dispersive fading experienced over this transmission distance, results in the
number of subcarriers dropping to 74 and overall throughput dropping to 11.3Gb/s.
4.4.2.3 Dispersive Fading
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Figure 4.10: Received OFDM spectra after 25km (a) and 50km (b) transmission.
In addition to loss, the transmitted signals also experience dispersive fading over 50km.
This is due to the double sideband nature of the transmitted signals and its effect is to
introduce nulls at frequencies which vary with transmission distance [12]. Subsequently,
the SNRs of the affected subcarriers are decreased, the bit distribution given by the LC
algorithm is updated to take this into account and data throughput is decreased; this is shown
in Table 4.2. Figures 4.10a and 4.10b show the received electrical spectra of the same 16-
QAM pilot signal (no power/bit loading) with 74 subcarriers and centred at 1.6GHz over
25km (4.10a) and 50km (4.10b) on the 1564.46nm channel with identical optical launch
power. The effects of dispersive fading can clearly be seen as the received signal power
decreases by up to 10dB at higher frequencies in the 50km case.
Figure 4.11 shows received optical power vs. log10(SER) on the 1560.02nm channel. SER
was estimated from the calculated EVM as described in section 2.3.2. System performance
in the back–to–back case and over 25km of SSMF is almost identical for the same received
powers as, dispersion over 25km is dealt with by equalisation and the launch power was not
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high enough to incur fibre non-linearities. A 4dB penalty in receiver sensitivity is observed
over 50km compared to the other cases, indicating the impact of dispersive fading on system
performance.
-22 -21 -20 -19 -18 -17 -16 -15
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
Received Power (dBm)
Lo
g 1
0(
S
E
R
)
 
 
0km
25km
50km
Figure 4.11: Received Power vs. log10(SER) for all distances.
4.5 Conclusion
The work presented in this chapter shows, for the first time, the direct modulation of a
tuneable laser by an AM-OFDM signal. The tuneable dual section slotted FP laser under
test has been characterised in terms of SMSR and output wavelength for varying bias and
temperature conditions. It has been found that single mode operation can be achieved on
over thirty modes across a spectral range of 14nm when using a combination of current and
temperature tuning. Improvements in this prototype device will increase both the number
of available channels and the output power thereby making it more suitable for WDM–PON
applications in terms of both cost and operating wavelengths.
Furthermore, AM-OFDM transmission is performed on seven selected modes and perform-
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ance on each is measured in terms of the maximum achievable data throughput. Data rates
of greater than 10Gb/s are displayed for all of these modes over 25km of SSMF and on
the majority of modes over 50km where dispersive fading is the limiting factor on perform-
ance.
The application of direct modulation in conjunction with the highly spectrally efficient AM-
OFDM signal and a tuneable slotted Fabry-Pe´rot laser offers a cost effective solution for
transmitters in PONs where low cost is of primary importance due to their potentially high
market volume. Moreover, the problems of insertion loss, polarisation dependence and
footprint associated with systems employing external modulators are overcome, adding to
the suitability of this system design for deployment in future WDM–PONs.
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Chapter 5
Burst Mode OFDM
5.1 Introduction
So far, OFDM has been investigated as a modulation format for use in Passive Optical
Networks. PONs, by their nature, require cost effective components and this has been
the main reason behind the use of direct modulation in the previous chapters. However, the
exploitation of OFDM’s inherent spectral efficiency and tolerance to chromatic dispersion is
not just limited to optical access networks. It is important to investigate the performance of
OFDM with transmitters that are suitable for implementation with longer distance networks
such as WDM Metro networks as, coupled with the higher level of hardware complexity
afforded by these higher level networks, OFDM is capable of providing very high data rates
and good spectral efficiency on each optical carrier.
The following sections demonstrate experimentally the use of externally modulated OFDM
in a switching environment which provides the necessary reconfigurability required for next
generation Metro networks. Additionally, the use of Single Sideband (SSB) OFDM as a
means of increasing spectral efficiency and overcoming the effects of dispersive fading is
described and demonstrated.
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5.2 Burst Mode Networks
Burst switching is similar to packet switching, the difference being that data bursts may
contain many packets of data. In this way, payloads used in burst switching are not restric-
ted to be the length of one packet but can be considerably longer. Burst mode operation
can be achieved in the optical domain by modulating data onto an optical carrier provided
by a laser whose wavelength can be quickly switched, typically by the application of vary-
ing voltage bias conditions. Optical Burst Switching (OBS) and burst mode networks have
been proposed for use in Metropolitan Area Networks which can be referred to as MANs
or ’Metro networks’ [1, 2]. By providing increased reconfigurability, burst mode operation
can contribute to the efficient use of a shared resource which is typically the case in Metro
networks, where a simple ring topology is used to connect all network nodes [3]. Indeed,
the use of all optical wavelength switching for On–Off Keyed (OOK) data in such a ring
topology has previously been investigated and commercialised [4]. Within MANs, which
currently employ WDM, it is desirable to use higher order modulation formats as the in-
creased spectral efficiency allows for a greater number of optical carriers to be used [5].
Previously, Optical Packet Switching (OPS) with Polarization Division Multiplexed QPSK,
using a coherent receiver, and Differential QPSK, using a delay interferometer, have been
demonstrated in [5] and [6] respectively.
OFDM is a modulation technique which is widely used in both wired and wireless commu-
nications and indeed has been specified for packet based radio communications standards
such as WiMAX, LTE and ADSL. OFDM’s compact arrangement of subcarriers, which
are orthogonal to each other in the frequency domain, ensures high spectral efficiency and
is the main reason behind OFDM’s use in current radio standards. However, what makes
OFDM particularly attractive for use in optical communications is its inherent tolerance to
chromatic dispersion as discussed in chapter 2.
Using OFDM in OBS Metro networks would not only increase data throughput on each
wavelength channel, but would give potential for increased network reconfigurability as,
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through DSP, OFDM signals can be easily tailored to suit user/channel demands and al-
low for dynamic bandwidth allocation to subcarrier granularity [7]. An OBS OFDM sys-
tem has previously been demonstrated in an Optical Access Network (OAN) configura-
tion employing burst mode AM–OFDM and two un–switched lasers at the transmitter [8].
The experimental work presented in this chapter shows for the first time the application of
Single Sideband OFDM (SSB–OFDM) to an OBS system using only a single fast switch-
ing laser at the transmitter. Direct detection is employed, which relaxes the constraints on
the frequency and linewidth fluctuations (which occur after a switching event) compared to
systems employing coherent receivers.
5.3 SSB–OFDM
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Figure 5.1: An example optical SSB-OFDM spectrum taken experimentally with an OSA.
Compatible Single Sideband (CompSSB) was first proposed in the late 1950’s as a means
of increasing the spectral efficiency of radio broadcast signals [9]. These CompSSB signals
were designed to be detected by squaring receivers which were common at the time. The use
of OFDM with this technique was first proposed for optical communications by Schuster et
al. in 2007 [10]. In that paper, a mapping for SSB–OFDM generated with a complex (I–Q)
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optical modulator is derived. This particular technique is further contrasted to Offset SSB–
OFDM (a technique proposed by Lowery et al. as a means of increasing spectral efficiency
and maximising throughput given the relatively low electrical bandwidths available from
transmitter DACs [11]) in [12]. A new mapping was shown in [13] to achieve SSB–OFDM
modulation with a Dual Drive Mach Zehnder Modulator (DD–MZM) which is the approach
taken in the work described below.
For any ‘real’ baseband signal σ(t) the Hilbert transform can be used to generate SSB
modulation.
s(t) = σ(t) + jH[σ(t)] (5.1)
where s(t) is the SSB representation and H denotes the Hilbert transform. In CompSSB
the information is applied as the exponential coefficient for the envelope of the optical field
E(t) [10, 13],
E(t) = eσ(t)+jH[σ(t)] (5.2)
= eσ(t) · ejH([σ(t)] (5.3)
= A(t)ejΦ(t) (5.4)
where
A(t) = eσ(t) (5.5)
Φ(t) = H(σ(t)) (5.6)
Since we are using direct detection the data is recovered from the amplitude term, A(t).
In [13] σ(t) is set to equal the OFDM signal, Ωofdm(t), and hence from equation 5.5 we
can see that the received signal A(t) = eσ(t) = eΩofdm(t). This means that a natural
logarithm must be applied digitally after detection to retrieve Ωofdm(t). This method leads
to ambiguity for AC coupled systems and can contribute to increased quantisation noise
at the receiver Analogue–to–Digital Converter (ADC) due to the higher Peak–to–Average
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Power Ratio (PAPR) of the received signal resulting from the exponential term.
By simply letting σ(t) = ln (Ωofdm(t)) at the transmitter (this requires that all signal values
are positive), the OFDM signal itself can be retrieved using direct detection,
A(t) = eσ(t) (5.7)
= eln (Ωofdm(t)) (5.8)
= Ωofdm(t) (5.9)
with no need for additional processing at the receiver, provided the necessary amplitude
and phase changes required for CompSSB are realised. To realise these conditions we
must examine the DD–MZM transfer function. Considering the input and output optical
fields,
Eo(t) = 2Ei(t)e
jωtejφ0(t) sin(∆φ(t)) (5.10)
where Eo(t) is the output optical field, Ei(t) is the input optical field, φ0(t) = [φ1(t) +
φ2(t))]/2 and ∆φ(t) = [φ1(t) − φ2(t)]/2 where φ1(t) and φ2(t) are the input electrical
phases to either arm of the modulator. Now taking the small signal approximation, where
∆φ(t) + pi/2 pi,
Eo(t) = 2Ei(t)e
jωtejφ0(t)(∆φ(t)) (5.11)
We see that the last two terms of equation 5.11 can be controlled such that conditions for
CompSSB are met i.e. let
∆φ(t) · ejφ0(t) = A(t)ejΦ(t)
⇒ ∆φ(t) = A(t), ejφ0(t) = ejΦ(t) (5.12)
⇒ [φ1(t)− φ2(t)]/2 = A(t), (5.13)
[φ1(t) + φ2(t))]/2 = Φ(t) (5.14)
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Substituting values from equations 5.5 and 5.6 into the simultaneous equations 5.13 and
5.14, the phase changes required for CompSSB, φ1(t) and φ2(t), can be expressed in terms
of σ(t) and hence also the OFDM signal, Ωofdm(t).
φ1(t) = H[σ(t)] + e
σ(t), φ2(t) = H[σ(t)]− eσ(t) (5.15)
where φ1(t) and φ2(t) are the two electrical signals applied to the DD–MZM.
5.4 Optical Burst Switched SSB–OFDM
5.4.1 Experimental Setup
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Figure 5.2: Experimental set up of the OBS system.
The experimental set up is shown in figure 5.2. SSB–OFDM data is used to modulate light
from a switching Sampled Grating Distributed Bragg Reflector (SG)–DBR laser via a DD–
MZM. Further details on this device, as well as linewidth measurements, are given in [14]
where the laser is referred to as SG-DBR1. After transmitter and receiver amplification a
bandwidth and wavelength tuneable Optical Bandpass Filter (OBPF) at the receiver, which
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is tuneable across the entire C-band, is set to select only the desired wavelength channel,
after which the signal is again amplified. The bandwidth of this filter can be varied to simu-
late the effects of different WDM grid sizes (e.g. 100GHz, 50GHz, 25GHz and 12.5GHz).
The 2nm receiver filter is used to filter out Amplified Spontaneous Emission (ASE). The
received optical power was set to 0dBm by a VOA before being detected using a 10GHz
bandwidth PIN detector. This experiment was performed for an optical back to back case as
the process of switching was expected to be the main limitation on performance rather than
the effects of transmission through fibre which are easily dealt with by the CP and receiver
amplification.
Table 5.1: OFDM Properties.
IFFT/FFT Size 256
IFFT Data Inputs 120
Modulation 16–QAM
OFDM Symbol Rate 39.06MHz
Bandwidth 4.74GHz
Raw Data Rate 18.74Gb/s
Net Data rate 15Gb/s
CP 6.25%
FEC 7 %
SSB–OFDM burst signals were created using the parameters given in table 5.1. The overall
sampling rate was set to 10GSa/s, which was the maximum available from the AWG used.
This set an upper frequency limit of 5GHz and OFDM signals were tailored to maximise the
use of the available electrical bandwidth. Real SSB–OFDM signals were constructed using
RF IQ modulation, as previously described in sections 3.4.1 and 4.4.1, at 2.48GHz. Two
SSB–OFDM burst signals, A and B, were generated, each containing 15 OFDM symbols,
and each with one Training Symbol (TS) which was used for channel estimation. The
training symbol was placed at the beginning of one burst (i.e. 1st OFDM symbol position),
denoted ‘Burst A’, and in the centre of the second burst (i.e. 8th OFDM symbol position),
denoted ‘Burst B’. Aside from the placement of the training sequence, bursts A and B were
identical in all other properties.
A clock generator operating at 1MHz was used to switch the SG–DBR laser between
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1547.88nm and 1560.32nm by switching the current to the back section of the device. For
this device, the switching time depended upon the specific wavelengths being used, but
between these specific modes (1560.32nm to 1547.88nm) was approximately 5ns [15]. A
pulse generator was used to output a delayed version of this switching signal, which was
used as an external trigger for the AWG, operating in burst mode. By varying this delay, the
time at which the burst is modulated onto the optical carrier relative to a switching event can
be varied. As a complete copy of the transmitted OFDM signal is required at the receiver in
order to retrieve any data, it is not possible to observe a gradually improving performance
throughout a switching event as is the case in [6]. Instead, the concept of ‘delay times’ is
introduced where a delay of ‘0ns’ is defined as the first available time, after a switching
event, at which a complete copy of the OFDM burst can be received. All subsequent delays
are relative to this value.
Data was burst onto one channel only while the other was filtered out at the receiver by
the OBPF. The receiver RTS operated at 50GSa/s. Downsampling and other necessary
processing was completed offline in Matlab.
5.4.2 Results and Discussion
5.4.2.1 Training Sequence Placement
Figures 5.3a and 5.3b show the Error Vector Magnitude (EVM), of a complete burst, versus
subcarrier number for bursts beginning at various delays after a switching event. The first
receiver filter is set to have a wide bandwidth (100GHz) and is centred on the 1560.32nm
channel. For burst A, although the total BER across all subcarriers reduces to below the
FEC limit of 1 × 10−3 after 4ns, we can observe that lower frequency subcarriers for
bursts beginning around this time have an extremely high EVM. This effect is attributed
to ringing caused by the fact that there was no impedance matching between the back sec-
tion of the SG–DBR and clock source used to drive this section and hence switch the output
wavelength. This effect manifests itself as a fluctuation in optical power from the laser after
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Figure 5.3: EVM vs. subcarrier number for bursts beginning at various delay times after a
switching event using bursts A (a) and B (b).
a switch. This electrical amplitude fluctuation was visible at the beginning of each switch.
As the fluctuation is shorter than one OFDM symbol period (32ns), a problem arises when
the first symbol is set to be the TS, as is the case for burst A. As the TS is used for the equal-
isation of all subsequent symbols, the poor performance of the TS is propagated throughout
the entire burst, resulting in a large contribution to EVM by each OFDM symbol.
As stated, burst B resembles burst A, but contains the training symbol in the centre of the
burst rather than at the start. This type of burst assembly ensures that errors encountered
due to the poor performance of the first OFDM symbol do not propagate through the burst
upon equalisation. However, provision would have to be made for the poor performance
of the first OFDM symbol. Figure 5.3b shows greatly reduced EVM on lower frequency
subcarriers, as only the first symbol makes a relatively large contribution to the EVM values
and not all symbols, as is the case in Figure 5.3b. In this case the BER (for the complete
burst) for a delay of 0ns was 3× 10−4.
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Figure 5.4: Optical spectra of the SSB–OFDM signal with the 50GHz, 25GHz (Alnair
filter) and 12.5GHz (Yenista filter) grid filter profiles superimposed.
5.4.2.2 Impact Of WDM Filtering
The more conventional Burst A was chosen for further system performance investigation
with various filter profiles. Filter profiles compatible with 50GHz, 25GHz, and 12.5GHz
WDM grids were chosen. These profiles, set using the first OBPF, can be seen in figure
5.4, along with the SSB–OFDM data signal (carrier centred). The 3dB bandwidth of each
profile was set to one third of the respective WDM grid.
This system configuration introduces two additional impairments compared to a wide fil-
tering case. Firstly, higher frequency subcarriers may be attenuated by the narrow filter-
ing. Secondly, the Gaussian shape of the filter at lower bandwidth settings can convert a
frequency fluctuation in the output wavelength (after a switching event) to an amplitude
fluctuation which can be detrimental to the performance of a direct detection system [16].
The latter impairment is minimised by centring the filter profile at the carrier frequency
as shown in figure 5.4, so that any frequency fluctuation of the carrier takes place around
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Figure 5.5: Switches from channel 1547.88nm to 1560.32nm using 50GHz (a) 25GHz (b)
and 12.5GHz (c) grid filtering. Average optical power throughout the bursts are shown in
red.
the top of the Gaussian shaped filter profile. For the 12.5GHz and 25GHz grid cases this
amplitude fluctuation was unavoidable due to the narrow bandwidths employed. The more
Gaussian shape at the centre of the Alnair filter (25GHz grid) compared to the Yenista filter
(12.5GHz grid), which can also be seen in figure 5.4, caused this frequency–to–amplitude
fluctuation to be more exacerbated in the 25GHz grid case. Figure 5.5 shows, in the time
domain, the received switched signal containing the OFDM burst for the same switching
event (1547.88nm to 1560.32nm) for 50GHz (a) 25GHz (b) and 12.5GHz (c) filtering. In
all cases, the OFDM burst delay is set to >50ns where the effects of ringing are minimal.
The frequency–to–amplitude fluctuation effect can be seen clearly in figure 5.5b and c as
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the received optical power varies throughout the switching period.
Figures 5.6a and 5.6b show results obtained for the 12.5GHz and 50GHz WDM grid scen-
arios, where the first receiver OBPF bandwidth was set to 4.2GHz and 16.6GHz between
3dB points respectively. Figure 5.7 shows results obtained for the 25GHz grid case (8.3GHz
between 3dB points) with inset constellations of all OFDM subcarriers received in bursts
beginning 2ns and 30ns after a switching event.
(a) (b)
Figure 5.6: EVM vs. subcarrier number for bursts beginning at various delay times after a
switching event using 12.5GHz (a) and 50GHz (b) grid filtering.
The effects of 12.5GHz grid can be seen in figure 5.6a where a Yenista OBPF was employed
due to its narrower filtering capabilities. The effects of attenuation are clear here as higher
frequency OFDM subcarriers are much more attenuated than in the other cases and this
is to be expected, given the signal bandwidth and filter profile used which can be seen in
figure 5.4. In this case, burst BER reduces to below the FEC limit (1×10−3), after 8ns,
to 4.5×10−4 with a corresponding average EVM of 13.02%. These values are roughly
maintained for subsequent delays as the EVM Vs. subcarrier number curves exhibit the
same trend at low and high frequencies, indicating a performance limitation introduced by
narrow filtering.
Figure 5.6b shows that the performance of the system with 50GHz grid filtering is very sim-
ilar to the wide filtering case discussed in section 5.4.2.1. Given the relatively small signal
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bandwidth and the flat shape of the OBPF at this setting, this result is to be expected. The
same trend of poor performance on lower frequency subcarriers at burst times close to the
switching event (due to the short amplitude fluctuation introduced by the lack of impedance
matching – see section 5.4.2.1) is still evident. In this case, 4ns is required for the overall
BER and the corresponding EVM reduce to 8.9× 10−4 and 11.8% respectively.
Figure 5.7: EVM vs. subcarrier number for bursts beginning at various delay times after a
switching event using 25GHz grid filtering.
Results for 25GHz grid filtering in figure 5.7 show a degradation in performance compared
to 50GHz grid filtering. Here, attenuation at higher subcarrier frequencies begins to degrade
system performance with a 1dB penalty compared to the 50GHz grid case in terms of EVM
across all subcarriers at ‘0ns’ delay shown. Furthermore, the influence of the frequency–
to–amplitude fluctuation, due to the narrower filter profile employed, can be seen as EVM
increases across all subcarriers for every delay. Again, burst BER is reduced below the FEC
limit to 7.5×10−5 after 8ns with a corresponding average EVM of 9.05%, although it would
take up to 50ns to support 16–QAM on every subcarrier if each OFDM subcarrier was
considered individually. Shown in figure 5.8a and 5.8b are received constellations from a
single burst for delays of 2ns and 30ns respectively where 25GHz grid filtering is employed.
The fact that there is an asymmetric distribution of errors between the constellations points
is attributed to the degradation of the training sequence due to ringing, a non–Gaussian
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process. This effect is lessened as delay times are increased, as shown in 5.8b.
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Figure 5.8: Received constellations at 2ns delay (a) and 30ns delay(b) for 25GHz grid
filtering.
It is clear that for OBS systems employing very narrow filtering such as a 12.5GHz WDM
grid, there is a trade off between incurring frequency–to–amplitude fluctuations and the
attenuation of higher frequency OFDM subcarriers. Centring the OBPF profile over the op-
tical carrier reduces the risk of frequency–to–amplitude fluctuations as discussed above, but
also ensures the attenuation of higher frequency OFDM subcarriers (for larger bandwidth
OFDM signals). Depending on the profile employed, it may be advantageous to centre the
profile closer to the centre of the SSB–OFDM data, rather than the optical carrier. This not
only reduces the attenuation on upper subcarriers, but could help to equalise signal to car-
rier power ratio if necessary. To help to optimise this trade off, ways in which the receiver
filter profile may be centred over the optical carrier for a duration equal to the settling time
of the laser’s output frequency before shifting the profile to a position closer to the centre
of the data sideband could be investigated.
5.5 SSB–OFDM for overcoming Dispersive Fading
Aside from providing the potential for increased spectral efficiency, employing SSB mod-
ulation formats allows the effects of dispersive fading to be mitigated. Dispersive fading is
138
particularly undesirable in OFDM systems as it generates spectral nulls in the signal band,
leading to the loss of subcarrier orthogonality. The effect of dispersive fading has already
been shown in sections 3.5.3.4 and 4.4.2.3 to affect the performance of DSB direct mod-
ulation OFDM systems. As dispersive fading occurs due to a phase difference between
two sidebands after transmission through a certain amount of fibre (as described in section
3.5.3.4), by simply transmitting only one sideband its effects can be mitigated.
5.5.1 Experimental Setup
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Figure 5.9: Experimental setup for transmission over 180km of SSB and DSB OFDM sig-
nals.
In order to demonstrate the use of SSB–OFDM to overcome dispersive fading, an experi-
mental set up similar to that used in 5.4.1 was used, but for simplicity the SG–DBR laser
was not switched. The revised setup is shown in figure 5.9. The back section of the laser
was biased with a constant current and so remained static at 1554.05nm. The output power
from the laser was 3dBm and the modulated optical launch power (after the transmitter
EDFA) was set to 6dBm in order to ensure that fibre nonlinearities were not encountered.
The signal was transmitted through 100km of SSMF before being amplified by an in–line
EDFA and transmitted through a further 80km of SSMF. As before, a two stage EDFA re-
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ceiver was used with the first OBPF set to have a wide bandwidth (100GHz). The optical
power falling on the PIN photodiode was held constant at 0dBm. OFDM signal properties
were the same as described in 5.1. Both DSB and SSB–OFDM signals were generated and
used for transmission. SSB signals were output as described above in section 5.3 while the
OFDM signal itself and its complement were used to drive the two arms of the modulator
in order to generate the DSB signal.
5.5.2 Results and Discussion
In order to see the effects of dispersive fading it was necessary to transmit the OFDM signals
through 180km of SSMF. Sections 3.5.3.4 and 4.4.2.3 show dispersive fading effects after
50km of SSMF. The reason why 180km is required in this case is due to the fact that the
external modulator used in this experimental demonstration imparts far less frequency chirp
across the OFDM signal band compared to the lasers in previous chapters, which were
directly modulated by the OFDM signals [17]. As the phases of the OFDM subcarriers
are largely unaffected at the input to the fibre, a greater length of SSMF is required for
dispersive fading to occur at the frequencies occupied by the OFDM signal.
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Figure 5.10: Received DSB (a) and SSB (b) OFDM signals after 180km transmission.
Figures 5.10a and 5.10b show the received spectra of the DSB and SSB–OFDM signals
respectively. The effects of dispersive fading are clear to see in figure 5.10a, with a severe
roll off occurring after 2GHz. OFDM subcarrier powers fall to 20dB below maximum
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values at 4GHz and -28dB below maximum values at the upper subcarrier limit of 4.85GHz.
Figure 5.10b shows how the use of SSB–OFDM can overcome the effects of dispersive
fading. The nulling effect is not exhibited in this case and the 10dB difference in subcarrier
powers is due to the roll off of the electronics in the system; namely the AWG itself and the
anti–aliasing filters used at the transmitter.
Having had its higher frequency subcarriers severely degraded by dispersive fading, the
BER of the DSB signal was calculated to be 4.8 × 10−2. The SSB signal gave a BER of
9.8×10−4 for the same received power of 0dBm. The received constellation diagrams of
all channels for both the DSB and SSB signals are shown in figures 5.11b and 5.11b re-
spectively. They exhibit an associated average EVM of 20.2% (DSB) and 14.97% (SSB).
It is clear from figure 5.11b that while some subcarriers are demodulated correctly (giving
a concentration of constellation points in the correct locations), the higher frequency sub-
carriers perform badly, indicated by a spread of received constellation points between ideal
locations.
(a) (b)
Figure 5.11: Received constellations of the DSB (a) SSB (b) OFDM signals after 180km
transmission.
5.6 Conclusion
In this chapter, the application of OFDM in an OBS system using a single fast switch-
ing tuneable laser at the transmitter has been demonstrated. Furthermore, a DD–MZM is
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exploited to generate SSB–OFDM, which is desirable for use in WDM networks as it in-
creases spectral efficiency and, as the experimental work shows, can be used to mitigate
effects of dispersive fading.
Results show how the placement of an OFDM Training Sequence within a data burst can
affect system performance as the first OFDM symbol in the packet is degraded at delay
times close to the start of the switch. The use of various filter profiles at the receiver shows
how filter grid size governs not only the spectral efficiency, but the overall performance
of SSB–OFDM. When using filter profiles compatible with 50GHz, 25GHz and 12.5GHz
grids – as would be the case in future WDM based Metro networks – a performance limit-
ation is exerted on the system due to frequency fluctuations after a switching event and the
attenuation of higher frequency subcarriers. Additionally, the delay time between a switch-
ing event and the beginning of a data burst, required to achieve acceptable performance,
is shown to vary depending on the type of WDM grid employed. Results presented where
12.5GHz grid filtering is employed show that a spectral efficiency of 1.2b/s/Hz is achieved
with SSB–OFDM, comparing favourably with OOK, where around 0.4b/s/Hz could be at-
tained. This high spectral efficiency, combined with the wavelength versatility offered by
a tuneable SG–DBR laser, makes this technique a promising scheme for next generation
Metro networks employing WDM.
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Chapter 6
Conclusion and Future Work
6.1 Conclusion
Increasing numbers of broadband connections means that total IP traffic continues to grow.
The increased demand for new digital services means that internet service providers and
governments alike are incentivised to invest in higher capacity optical networks in order to
meet customer requirements. To realise these next generation optical networks, new ad-
vanced modulation formats and novel optical components, capable of providing high data
rates and spectral efficiency, will have to be utilised. Furthermore, due to the nature of
dynamic traffic patterns, future designs will be required to incorporate a higher level of re-
configurability so that an efficient use of the shared optical network can be provided.
The addition of Wavelength Division Multiplexing to optical networks has led to a more
efficient use of optical fibres. However, as operators seek to further increase network ca-
pacity, more optical channels are required to allow for higher cumulative data rates and a
greater number of users to be reached. This migration to increasingly smaller grid sizes can
only be facilitated by the addition of more spectrally efficient modulation formats.
In access networks, a key advancement leading to the provision of higher speed connectiv-
ity will be the replacement of Hybrid Fibre Coaxial type networks with all optical access
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networks – Fibre-to-the-Home. Overcoming this current traffic bottleneck presents a ma-
jor challenge to network designers in terms of meeting the technical requirements of next
generation access networks mentioned above in a cost effective manner.
In this thesis, Orthogonal Frequency Division Multiplexing is proposed as a modulation
format, for both Access and Metropolitan Area Networks, capable of providing the data
rates and spectral efficiencies needed for next generation designs. The use of OFDM in
these network scenarios also provides a high tolerance to chromatic dispersion and poten-
tial for increased network reconfigurability. The application of OFDM to both of these
network layers is experimentally investigated in this thesis and the main results are outlined
below.
OFDM Passive Optical Networks
In Chapter 3, the transmission of directly modulated OFDM in a Passive Optical Network
setup is demonstrated. The effects of nonlinearties introduced by the directly modulated
laser are reduced by employing optical injection. This technique is performed using both
an external laser and a novel two section monolithically integrated device which is suitable
for use in PONS due to its low cost and footprint. A reduction of up to 10dB in the levels of
IMD3 is shown, removing a performance limitation on the OFDM system. Improvement in
BER from 2.4× 10−3 to 3.25× 10−5 when optical injection is used is shown over 50km of
SSMF. Net data rates up to 15.5Gb/s are achieved with AM–OFDM when optical injection
is employed.
The use of a novel Slotted Fabry–Pe´rot tuneable laser in a PON scenario is shown in chapter
4. The device is characterised and is found to have a tuning range of 14nm from 1557.68nm
to 1571.72nm. Several of the available modes are used for transmission of AM–OFDM
signals and raw data rates of 21.13Gb/s in the back-to-back case and 14.30Gb/s over 50km
of SSMF are achieved. Dispersive fading is shown to exert a performance limitation for
transmission over 50km of fibre.
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Optical Burst Mode OFDM
Chapter 5 describes the use of OFDM in an Optical Burst Switched system. OBS systems
are desirable where a ring network topology is utilised, as is the case in Metro networks.
Work presented in chapter 5 demonstrates the use of Single Sideband OFDM with a single
fast switching SG–DBR laser. SSB OFDM is shown to overcome the effects of dispersive
fading. External modulation is used in order to achieve SSB modulation of 15Gb/s OFDM
bursts, which are modulated onto one of two wavelengths provided by the switching source.
Results are presented in terms of the performance of the OFDM packet at various delay
times after a switching event, for WDM grid sizes of 50GHz, 25GHz and 12.5GHz. The
various grid sizes are found to have an impact on the performance of the OFDM bursts to
different degrees. In the case of 12.5GHz grid filtering, the total burst BER reduces below
the FEC limit to 4.5× 10−4 approximately 8ns after a switching event. For this WDM grid
size a spectral efficiency of 1.2b/s/Hz is achieved.
6.2 Future Work
Work in this thesis has shown the potential of OFDM to meet many of the requirements for
next generation optical networks. However, many areas directly related to this work remain
in need of further investigation.
OFDM–PON Architectures
Many forms of PONs have been previously proposed, including light centralised PONs, re-
flective PONs and PONs capable of transmitting various modulation formats. The applica-
tion to, and suitability of, OFDM to these different PON architectures could be investigated.
In particular, the investigation of OFDM for PONs which are capable of carrying broadband
user data as well as Radio-over–Fibre signals (RoF–PON) would be of interest, as current
and next generation wireless radio standards such as WiMAX and LTE already specify the
use of OFDM.
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Increasing Throughput
With regard to the use of OFDM in metro networks, data rates per optical channel will soon
migrate to 40Gb/s. To avoid the use of expensive high speed electronics, it is important
to investigate new ways in which either greater OFDM bandwidths can be generated from
existing electronics or performance can be improved – which would allow for higher order
modulation formats to be used on OFDM subcarriers. Methods to achieve this which merit
further exploration include, the use of a pilot tone to allow coherent detection in the RF
domain and the development of new DSP to compensate for impairments introduced by
optical components.
LC Algorithm for Nonlinear Applications
As described in chapter 3, the Levin–Campello algorithm which is used to produce a bit dis-
tribution for OFDM subcarriers cannot be considered to be optimal where the transmission
channel exhibits high levels of nonlinearity, as is the case when direct modulation is used.
A new version of the LC algorithm which factors in the levels nonlinearity introduced by
direct modulation could be derived, thereby improving the bit distribution, leading to higher
data rates/improved performance.
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Appendix B
Gap–to–Capacity
Given a AWGN channel with noise power spectral density N0 and an average transmit
power of P watts, Shannon calculated that the maximum capacity of the channel C bits/s
was [1]
C = B × log2
(
1 +
P
N0
B
)
(B.1)
where B is the channel bandwidth. Expressing this is terms of bits rather than bits/s
yields
b = log2
(
1 +
Es
N0
)
(B.2)
where b is the maximum achievable number of bits/symbol for the given channel SNR
(Es/N0 is the energy per symbol to noise power spectral density). Given an expression
for the probability of error of M–ary QAM in an AWGN channel [2] (Pg. 372) and then
isolating b it is possible to derive a similar expression.
Pe ≈ 2 ·
(
1− 1√
M
)
erfc
(√
3
2(M − 1) ·
Es
N0
)
(B.3)
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where M is the level of QAM being used. As QAM modulation has two dimensions (real
and imaginary plane) the probability of error per dimension can be denoted Pe′
P ′e ≈
(
1− 1√
M
)
erfc
(√
3
2(M − 1) ·
Es
N0
)
(B.4)
and since typically
√
M  1,
P ′e ≈ erfc
(√
3
2(M − 1) ·
Es
N0
)
(B.5)
The number of bits/symbol b can be incorporated into the expression by noting that M =
2b.
P ′e ≈ erfc
(√
3
2(2b − 1) ·
Es
N0
)
(B.6)
Isolating b gives
→ b = log2
(
1 +
Es/N0
2
3(erfc
−1(P ′e))2
)
(B.7)
For simplicity let
Γ , 2
3
(erfc−1(P ′e))
2 (B.8)
allowing equation B.7 to be rewritten as
→ b = log2
(
1 +
1
Γ
· Es
N0
)
(B.9)
Equation B.9 is almost identical to B.2 with the inclusion of an added Γ term which is
known as the modulation ‘gap to capacity’ as it can be used to measure the proximity of
data rates to the maximum theoretical value, the channel capacity expressed in equation
B.1. It follows that when Γ = 1 the data rate is at its highest.
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Appendix C
Matlab Model
C.1 OFDM Transmitter and Receiver
1 %% QAM − OFDM o p t i c a l sys tem
2 c l e a r a l l
3 c l o s e a l l
4 c l c
5
6 %% Setup
7 N b i t s =128; %number o f symbols
8 Nsamps =256; %samples p e r FFT
9 N= N b i t s ∗Nsamps ; %T o t a l Number o f d a t a p o i n t s
10 CPS = 0 . 0 6 2 5 ; %s i z e o f c y c l i c p r e f i x 6.25%
11
12 s y m r a t e =39.062500 e6 ;
13 RFfreq =2 .8 e9 ;
14
15 d t = 1 / ( s y m r a t e ∗Nsamps ) ;
16 df =1/ d t ;
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17 dt sym = 1 / s y m r a t e ;
18 Nncp=N;
19 N=N∗ (1+CPS ) ;
20 %d e f i n e axes
21 t ime = ( 0 : ( Nsamps−1) ) ∗ d t ;
22 t i me cp = ( 0 : ( Nsamps−1)∗ (1+CPS ) ) ∗ d t ;
23 f r e q =(−(Nsamps / 2 ) : ( Nsamps /2−1) ) ∗ 1 / ( d t ∗Nsamps ) ;
24 FREQ=(−(N/ 2 ) : ( N/2−1) ) ∗ 1 / ( d t ∗N) ;
25 TIME = ( 0 : (N−1) ) ∗ d t ;
26 FREQncp=(−(Nncp / 2 ) : ( Nncp /2−1) ) ∗ 1 / ( d t ∗Nncp ) ;
27 TIMEncp = ( 0 : ( Nncp−1) ) ∗ d t ;
28 %S u b c a r r i e r a r r a n g e m e n t
29 Numchans =74;
30 BufferLow =0;
31 B u f f e r H i g h =Nsamps−Numchans−BufferLow ;
32 ChansPe rS ide =Numchans / 2 ;
33 TP number = 1 ;
34 S i g n a l B a n d w i d t h = ( 2 / max ( t im ec p ) ) + ( ( Numchans−1) / max ( t ime )
) ;
35 %% OFDM T r a n s m i t t e r
36 o r d e r =32;
37 %b i t s t r e a m
38 b i t s = r a n d i n t ( Numchans , Nbi t s , o r d e r , 1 ) ;
39 SNRto ta l = z e r o s ( 1 , Numchans ) ;
40 EVMavg tota l = z e r o s ( 1 , Numchans ) ;
41 f o r l o o p s = 1 :150
42 %QAM Modula t ion
43 b i t s q a m =qammod ( b i t s , o r d e r ) ;
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44 %Norma l i s e
45 Con Norm Factor = s q r t ( 1 / mean ( mean ( abs ( b i t s q a m ) . ˆ 2 ) ) ) ;
46 b i t s q a m = b i t s q a m ∗Con Norm Factor ;
47 %D ef in e T r a i n i n g Symbols
48 TP=( exp (1 i ∗ p i . ∗ ( ( 1 : Numchans ) . ˆ 2 ) / Numchans ) ) . ’ ;
49 b i t s q a m ( : , TP number ) =TP ;
50 %C o n s t r u c t IFFT i n p u t
51 OFDMA= z e r o s ( BufferLow / 2 , N b i t s ) ;
52 OFDMB= b i t s q a m ( ( ChansPe rS ide +1) : Numchans , : ) ;
53 OFDMC= z e r o s ( Buf fe rHigh , N b i t s ) ;
54 OFDMD= b i t s q a m ( 1 : ChansPerS ide , : ) ;
55 OFDME= z e r o s ( BufferLow / 2 , N b i t s ) ;
56 OFDMfreq =[OFDMA;OFDMB;OFDMC;OFDMD;OFDME] ;
57 %IFFT
58 Ein= i f f t ( OFDMfreq ) ;
59 %Add CP
60 CP=Nsamps∗CPS ;
61 Ein =[ Ein ( ( Nsamps−CP+1) : Nsamps , : ) ; Ein ] ;
62 Ein= r e s h a p e ( Ein , N, 1 ) ;
63 %I s o I and Q
64 I i n = r e a l ( Ein ) ;
65 Qin=imag ( Ein ) ;
66 %% RF Mixing up
67 ang =2∗ p i ∗RFfreq ∗ ( 1 : l e n g t h ( I i n ) ) ∗ d t ;
68 R F s i g i n = I i n . ∗ s i n ( ang ’ ) +Qin .∗ cos ( ang ’ ) ;
69 R F s i g i n = RFs ig in−mean ( R F s i g i n ) ;
70 R F s i g i n = ( R F s i g i n . / max ( R F s i g i n ) ) ;
71 %% Channel ( O p t i c a l Source + Modu la t ion + F i b r e + D e t e c t o r )
158
72 MyChan DM complete LongSim
73 %% RF Mix down
74 I o u t = R F s i g o u t . ∗ s i n ( ang ’ ) ;
75 Qout= R Fs i g o u t . ∗ cos ( ang ’ ) ;
76 Eout= I o u t +1 i ∗Qout ;
77 %% OFDM R e c e i v e r
78 %remove CP
79 FrameCP=Nsamps ∗ (1+CPS ) ;
80 o f f s = round (0∗Nsamps∗CPS ) ;
81 Esamp= r e s h a p e ( Eout , FrameCP , N b i t s ) ;
82 Esamp=Esamp ( ( CP+1− o f f s ) : ( FrameCP−o f f s ) , : ) ;
83 %FFT
84 Eda ta = f f t ( Esamp ) . ’ ;
85 %E x t r a c t d a t a c a r r y i n g s u b c a r r i e r s
86 HighSideOut = Eda ta ( : , ( BufferLow / 2 + 1 ) : ( ( BufferLow / 2 + 1 ) +
ChansPerS ide −1) ) ;
87 LowSideOut= Eda ta ( : , ( BufferLow /2+ ChansPe rS ide + B u f f e r H i g h +1)
: ( ( BufferLow /2+ ChansPe rS ide + B u f f e r H i g h +1)+ ChansPerSide −1)
) ;
88 Chanout =[ LowSideOut HighSideOut ] ;
89 Chanout=Chanout ∗ s q r t ( 1 / mean ( mean ( abs ( Chanout ) . ˆ 2 ) ) ) ;
90 %E x t r a c t t r a i n i n g s e q u e n c e
91 Tout=Chanout ( TP number , : ) ;
92 ChanEst=Tout . / TP . ’ ;
93 Chanout=Chanout ( 2 : end , : ) ;
94 Chanout NoEQ = Chanout ;
95 b i t s q a m = b i t s q a m ( : , 2 : end ) ;
96 TIMEncp=TIMEncp ( ( Nsamps +1) : end ) ;
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97 %% E q u a l i s a t i o n
98 f o r m=1: Nbi t s −1,
99 Chanout (m, : ) =Chanout (m, : ) . / ChanEst ;
100 end
101 %% EVM
102 %N o r m a l i s a t i o n f a c t o r ( Tx )
103 [ S1 , S2 ] = s i z e ( b i t s q a m ) ;
104 Nbr Tx Symbols = S1∗S2 ;
105 Tx Tota l Symbol Pwr = sum ( sum ( abs ( b i t s q a m ) . ˆ 2 ) ) ;
106 Tx Avg Symbol Pwr = Tx Tota l Symbol Pwr / Nbr Tx Symbols ;
107 N o r m f a c t o r T x = s q r t ( 1 / Tx Avg Symbol Pwr ) ;
108 %N o r m a l i s a t i o n f a c t o r ( Rx )
109 [ S1 , S2 ] = s i z e ( Chanout ) ;
110 Nbr Rx Symbols = S1∗S2 ;
111 Rx Tota l Symbol Pwr = sum ( sum ( abs ( Chanout ) . ˆ 2 ) ) ;
112 Rx Avg Symbol Pwr = Rx Tota l Symbol Pwr / Nbr Rx Symbols ;
113 Norm fac to r Rx = s q r t ( 1 / Rx Avg Symbol Pwr ) ;
114 %c a l c u l a t e EVM
115 EVM rms = ( ( sum ( sum ( ( abs ( ( r e a l ( Chanout ) . ∗ Norm fac to r Rx ) − (
r e a l ( b i t s q a m . ’ ) .∗ N o r m f a c t o r T x ) ) . ˆ 2 ) + ( abs ( ( imag (
Chanout ) .∗ Norm fac to r Rx )− ( imag ( b i t s q a m . ’ ) .∗
N o r m f a c t o r T x ) ) . ˆ 2 ) ) ) ) / Nbr Rx Symbols ) ˆ 0 . 5 ;
116 EVM graph = ( ( abs ( ( r e a l ( Chanout ) .∗ Norm fac to r Rx ) − ( r e a l (
b i t s q a m . ’ ) .∗ N o r m f a c t o r T x ) ) . ˆ 2 ) + ( abs ( ( imag ( Chanout ) . ∗
Norm fac to r Rx ) − ( imag ( b i t s q a m . ’ ) .∗ N o r m f a c t o r T x ) ) . ˆ 2 )
. ˆ 0 . 5 ) . ∗ 1 0 0 ;
117 EVMavg = ( ( mean ( ( abs ( ( r e a l ( Chanout ) .∗ Norm fac to r Rx ) − ( r e a l
( b i t s q a m . ’ ) .∗ N o r m f a c t o r T x ) ) . ˆ 2 ) + ( abs ( ( imag ( Chanout ) . ∗
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Norm fac to r Rx ) − ( imag ( b i t s q a m . ’ ) .∗ N o r m f a c t o r T x ) ) . ˆ 2 ) )
) . ˆ 0 . 5 ) . ∗ 1 0 0 ;
118 EVMstd= s t d ( EVM graph ) ;
119 SNRpsc = ( 1 . / ( EVMavg / 1 0 0 ) ) . ˆ 2 ;
120 %S t o r e Data
121 EVMavg tota l = EVMavg + EVMavg tota l ;
122 SNRto ta l = SNRpsc + SNRto ta l ;
123 l o o p s
124 end
125 S N R t o t a l a v g = SNRto ta l . / l o o p s ;
126 EVMavg to ta l avg = EVMavg tota l . / l o o p s ;
127 %% QAM Demodula t ion
128 b i t s q a m t e s t = ( b i t s q a m . ’ ) / Con Norm Factor ;
129 bi t sqam demod = qamdemod ( b i t s q a m t e s t , o r d e r ) ;
130 C h a n o u t t e s t = Chanout / Con Norm Factor ;
131 Chanout demod = qamdemod ( C h a n o u t t e s t , o r d e r ) ;
132 %r e s h a p e
133 bi t sqam demod = r e s h a p e ( bi tsqam demod , ( Nbi t s −1)∗Numchans , 1 ) ;
134 Chanout demod = r e s h a p e ( Chanout demod , ( Nbi t s −1)∗Numchans , 1 ) ;
135 %c o n v e r t t o b i n a r y
136 b i t s q a m d e m o d b i n = d e c 2 b i n ( bi tsqam demod , log2 ( o r d e r ) ) ;
137 Chanout demod bin = d e c 2 b i n ( Chanout demod , log2 ( o r d e r ) ) ;
138 %C a l c u l a t e BER
139 E r r o r s = abs ( b i t s q a m d e m o d b i n − Chanout demod bin ) ;
140 B i t E r r o r s = sum ( sum ( E r r o r s ) ) ;
141 [ B i t sS i zeA , B i t s S i z e B ] = s i z e ( b i t s q a m d e m o d b i n ) ;
142 T o t a l N b r B i t s = B i t s S i z e A ∗B i t s S i z e B ;
143 BER ac tua l = 1 / ( T o t a l N b r B i t s / B i t E r r o r s ) ;
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144 %% F i g u r e s
145 %c a l c u l a t e s p e c t r a
146 E i n f = abs ( f f t s h i f t ( f f t ( f f t s h i f t ( Ein ) ) ) ) . ˆ 2 ;
147 E o u t f = abs ( f f t s h i f t ( f f t ( f f t s h i f t ( Eout ) ) ) ) . ˆ 2 ;
148 FREQG=FREQ∗1e−9;
149 ax =[ min (FREQG) max (FREQG) −60 0 ] ;
150 %P l o t Rx C o n s t e l l a t i o n
151 f i g u r e ( 1 )
152 p l o t ( r e a l ( Chanout NoEQ ) , imag ( Chanout NoEQ ) , ’ . ’ )
153 t i t l e ( ’Rx c o n s t e l l a t i o n : a l l c h a n n e l s ’ )
154 a x i s s q u a r e
155 %P l o t Tx / Rx s p e c t r a
156 f i g u r e ( 2 )
157 s u b p l o t ( 2 , 1 , 1 ) , p l o t (FREQG, 1 0∗ l og10 ( R F s i g i n f / max ( R F s i g i n f ) ) )
158 t i t l e ( ’Tx RF s p e c t r u m ’ )
159 a x i s ( ax )
160 s u b p l o t ( 2 , 1 , 2 ) , p l o t (FREQG, 1 0∗ l og10 ( R F s i g o u t f / max ( R F s i g o u t f ) )
)
161 t i t l e ( ’Rx RF s p e c t r u m ’ )
162 a x i s ( ax )
163 %% Per fo rmance P a r a m e t e r s
164 BW ofdm = ( 2 / max ( t im ec p ) ) + ( ( Numchans−1) / max ( t ime ) )
165 D a t a R a t e = s y m r a t e ∗Numchans∗ l og2 ( o r d e r )
166 SNR = ( 1 / EVM rms ) ˆ2
167 SNRdB = 10∗ l og10 (SNR)
168 SER = EVM2SER( EVM rms , BW ofdm / ( Numchans∗ s y m r a t e ) , o r d e r )
169 SER bes t = EVM2SER( EVM rms Best , BW ofdm / ( Numchans∗ s y m r a t e ) ,
o r d e r ) ;
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170 SER worst = EVM2SER( EVM rms Worst , BW ofdm / ( Numchans∗ s y m r a t e )
, o r d e r ) ;
171 BER ac tua l
C.2 Optical Channel
1 %% D i r e c t Modu la t ion O p t i c a l Channel P a r a m e t e r s
2 amp = 15e−3; %A
3 b i a s = 50e−3; %A
4 t i m e n e g = (−N/ 2 :N/2−1)∗ d t ;
5 %Send s i g n a l t o r a t e e q u a t i o n s
6 Power = RateEQII ( t ime neg , RFs ig in , amp , b i a s ) ;
7 I n t e n s i t y = Power ;
8 U = t r a n s p o s e ( I n t e n s i t y ) ;
9 %% P r o p a g a t s t i o n P a r a m e t e r s
10 LaunchP =5; %Power (dBm)
11 lambda =1550; %Wavelength (nm)
12 L=50; %D i s t a n c e (km)
13 dz = 0 . 0 0 1 ; %C a l c u l a t i o n s t e p s i z e
14 %Send t o NLSE p r o p a g a t g a t i o n Model
15 U=PropSMF (U, LaunchP , FREQ’ , L , dz , lambda , TIME) ;
16 U=U . ’ ;
17 %% R e c i e v e r ( o p t i o n a l EDFA pre−a m p l i f i c a t i o n )
18 %O p t i c a l Pre−A m p l i f i e r
19 % Gain = 5 ; %dB
20 % N o i s e F i g = 3 ; %dB
21 % U = o p t a m p l i f i e r (U, Gain , No i se F ig , TIME) ;
22 % Power Amp ip dB = mean (10∗ l og10 ( abs (U) . ˆ 2 ) )
23
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24 %O p t i c a l A m p l i f i e r
25 % Gain = 2 5 ; %dB
26 % N o i s e F i g = 3 ; %dB
27 % U = o p t a m p l i f i e r (U, Gain , No i se F ig , TIME) ;
28 % P o w e r d e t i p d B = mean (10∗ l og10 ( ( abs (U) . ˆ 2 ) ) )
29
30 %% Photo D e t e c t o r ( O p t i o n a l RF a m p l i f i e r )
31 SBe = 40 e9 ; %D e t e c t o r r e s p o n s e
32 SGorder =10;
33 S f i l t e r f u n c =exp (−2ˆ( SGorder ) ∗ l o g ( 2 ) ∗ (FREQ / SBe ) . ˆ SGorder ) ;
34 %send t o d e t e c t o r model
35 R F s i g o u t = P i n d e t e c t o r N o n S e e d e d (U, S f i l t e r f u n c ’ ,
S i g n a l B a n d w i d t h ) ;
36
37 %RF a m p l i f i e r (AC c o u p l e d )
38 % R F s ig o u t = RFsigout−mean ( R F s i g o u t ) ;
39 % GainRF = 0 ; %dB
40 % NFRF = 0 . 9 ; %dB
41 % R F s ig o u t = RFamp ( RFs igout , GainRF , NFRF , TIME) ;
C.3 NLSE Propagation Function
1 f u n c t i o n Et= p r o p a g a t e ( Et1 , w, a lpha , gamma , be ta2 , be ta3 , L , dz ,
TIME)
2 %I n p u t E l e c t r i c F i e l d
3 Et=Et1 ;
4
5 i f b e t a 2 ==0 , %f o r 0 d i s p e r s i o n
6 I t = abs ( Et ) . ˆ 2 ;
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7 %C a l c u l a t e n o n l i n e a r i t y and l o s s
8 Et = Et . ∗ exp ( L∗(− a l p h a /2+1 i ∗gamma∗ ( abs ( Et ) ) . ˆ 2 ) ) ;
9 e l s e i f gamma==0 , %f o r 0 n o n l i n e a r i t y
10 %Frequency domain
11 Ef = f f t s h i f t ( f f t ( f f t s h i f t ( Et ) ) ) ;
12 %c a l c u l a t e j u s t d i s p e r s i o n and l o s s
13 Ef = Ef .∗ exp ( L∗(− a l p h a / 2 + ( 1 i / 2 ) ∗ b e t a 2 ∗w.ˆ2− (1 i / 6 ) ∗ b e t a 3 ∗
w . ˆ 3 ) ) ;
14 %Time domain
15 Et = f f t s h i f t ( i f f t ( f f t s h i f t ( Ef ) ) ) ;
16 e l s e
17 z =0; %s e t c u r r e n t p r o p a g a t i o n l e n g t h
18 Nbr Span = 0 ; %s e t c u r r e n t number o f s p a n s
19 w h i l e z<L ,
20 I t = abs ( Et ) . ˆ 2 ;
21 i f L−z<dz ,
22 dz=L−z ;
23 end
24 %NLSE
25 Ef = f f t s h i f t ( f f t ( f f t s h i f t ( Et ) ) ) ;
26 Ef = Ef .∗ exp ( dz∗(− a l p h a / 2 + ( 1 i / 2 ) ∗ b e t a 2 ∗w . ˆ 2 ) ) ;
27 Et = f f t s h i f t ( i f f t ( f f t s h i f t ( Ef ) ) ) ;
28 Et = Et . ∗ exp ( dz ∗1 i ∗gamma∗ ( abs ( Et ) ) . ˆ 2 ) ;
29 %Update c u r r e n t l e n g t h
30 z=z+dz ;
31 end
32 end
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Appendix D
Two Section Discrete Mode Laser
Characterisation
D.1 Static Characterisation
Figure D.1: Light-Current curve
Light-Current curves from the individually biased maser and slave lasers at 20◦C. Threshold
currents of 21 mA for the slave section and 12 mA for the master section have been ex-
tracted. The light from master section was measured out through the HR coated back fa-
cet.
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Figure D.2: CW optical spectra of the two-section monolithically integrated DM laser.
Figure D.2 shows the optical spectra of the two-section monolithically integrated DM laser.
The red line corresponds to the spectrum when only the slave laser is turned on while the
blue line shows the spectrum for the case where both the slave and master lasers are turned
on.
D.1.1 Relative Intensity Noise (RIN)
The averaged RIN (0.6 to 10 GHz) for the case where only the slave section was turned
on was about -129.3 dB/Hz. In this case, the slave section was biased at 45.6 mA, and the
master was biased at 0 mA. The averaged RIN (0.6 to 10 GHz) for the second scenario
where both the master and slave sections were turned on was measured to be -142.6 dB/Hz.
Here, again, the slave section bias is maintained at 45.6 mA, while the master section bias
was set at 50 mA.
167
D.2 Dynamic Characterisation
Figure D.3: Frequency response at various bias currents.
Frequency response of the two-section monolithically integrated DM laser. The different
colours correspond to different bias scenarios (currents on the slave and master sections of
the laser).
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Appendix E
Discrete Mode Tuning Maps
Shown below are additional SMSR and wavelength tuning maps to that given in section
4.3.1. The graphs are generated by varying the bias current to both sections of the tuneable
SFP device between 20mA and 80mA while the output wavelength and SMSR is mon-
itored.
(a) (b)
Figure E.1: SMSR (a) and wavelength (b) tuning maps at 22.5◦C.
169
(a) (b)
Figure E.2: SMSR (a) and wavelength (b) tuning maps at 8◦C.
(a) (b)
Figure E.3: SMSR (a) and wavelength (b) tuning maps at 2.5◦C.
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